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ABSTRACT
Learning to feel safe: A translational study of the influence of safety learning on anxietyrelated overgeneralized fear
by
Hyein Cho
Advisor: Tracy A. Dennis-Tiwary
Anxiety disorders are among the most common mental health diagnoses, affecting about a third
of the population in their lifetime. However, approximately a third of individuals with anxiety do
not respond to current treatment approaches, highlighting the need to identify additional potential
therapeutic mechanisms. Safety learning is one such mechanism, but methodological challenges
and a dearth of research have prevented the field from advancing the understanding of the role of
safety learning in the etiology and remediation of anxiety disorders. Animal research, using
single-cued safety learning paradigms, has yielded promising early findings, demonstrating that
safety learning directly reduces anxiety-related behaviors and cognitive processes, such as
overgeneralized fear (OGF), or indiscriminate fear responses to non-threat. The goal of the
present dissertation was to extend these methods to apply them to research on human anxiety.
We tested the hypothesis that safety, versus fear learning, will reduce subjective and objective
measures of anxiety and OGF in a sample of low to severely anxious individuals (N = 57, Mage =
24.05; SD = 6.07). We also explored whether these predicted associations were moderated by
anxiety-related individual differences, such as anxiety sensitivity, and whether the saliency of
safety cues facilitated these predicted effects. Participants were randomly assigned to one of four
learning conditions completed on Visit 1 (Day 1): fear learning, safety learning without added
saliency (Safety Learning 1), safety learning with a salient cue co-terminating with the CS
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presentation (Safety Learning 2), or safety learning with a salient cue co-occurring with the CS
presentation (Safety Learning 3). Participants also completed a set of questionnaires to assess
their baseline anxiety and anxiety-related differences. During the learning phase, skin
conductance response (SCR) was measured. For Visit 2, the participants returned 24 hours later
and were tested on the following: 1) fear or safety learning retrieval in the context in which they
were trained, and 2) fear or safety learning retrieval in a novel anxiogenic environment in order
to assess anxiety-related behaviors in relation to the learned cues. During these tests, SCR, brain
activity, and behaviors were observed. On the same day, fear generalization task was completed
to measure OGF, during which SCR, brain activity, and behavioral risk ratings were assessed.
We found that there was a marginally higher SCR during the period in which the CS stayed off
compared to when the CS stayed on for safety learning, whereas an opposite pattern emerged for
fear learning during in-context retrieval, indicating successful attainment of learning. However,
the findings from the fear generalization task did not support the hypothesis that safety learning
would reduce OGF. Yet, a moderation analysis revealed that relative to participants in the fear
learning condition, those in the safety learning condition who also reported high levels of anxiety
sensitivity at baseline showed higher OGF measured via difference scores between risk ratings to
CS+ and perceptually similar generalization stimulus. Limitations and future directions are
discussed. Taken together, results highlight the importance of applying translational methods to
the study of safety learning in human anxiety in order to clarify etiological and treatment
implications that may be unique from those of fear learning, and to inform the development of
novel treatment approaches.

Keywords: Safety Learning, Fear Learning, Anxiety, Overgeneralized Fear
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Learning to feel safe: A translational study of the influence of safety learning on anxiety-related
overgeneralized fear
Anxiety disorders are one of the most common mental health diagnoses (Kessler,
Petukhova, Sampson, Zaslavsky, & Wittchen, 2012; Kroenke, Spitzer, Williams, Monahan, &
Lowe, 2007). Despite their high prevalence and public health relevance (Kessler et al., 2012;
Kroenke et al., 2007), approximately 30% of the patients diagnosed with an anxiety disorder do
not respond to current gold-standard treatments, such as cognitive behavioral therapy (CBT) or
selective serotonin reuptake inhibitors (Bystritsky, 2006). This highlights both the significant
gaps in our understanding of the mechanisms that underlie the etiology and remediation of
anxiety, and the critical need to identify additional target mechanisms that are relevant to the
development of novel treatment approaches.
Anxiety-related disruptions in learning mechanisms associated with threat detection and
responses are one such target. Fear learning paradigms have been primarily used to interrogate
these disruptions (Lissek et al., 2005; Lonsdorf et al., 2017). They have demonstrated that both
clinical and subclinical anxiety, compared to non-anxious samples, are associated with
exaggerated fear acquisition and delayed fear extinction (Craske, Treanor, Conway, Zbozinek, &
Vervliet, 2014; Lissek et al., 2005; Lonsdorf et al., 2017), as well as other biobehavioral
disruptions in response to threat, including increased defensive freezing and disrupted activity in
the medial prefrontal-amygdala neural circuits (Duits et al., 2015; Lissek et al., 2005).
Much less is known, however, about anxiety-related disruptions in a type of learning
closely linked to fear learning – safety learning (Indovina, Robbins, Nunez-Elizalde, Dunn, &
Bishop, 2011; Jovanovic, Kazama, Bachevalier, & Davis, 2012; Lissek, Kaczkurkin, et al., 2014;
Lissek et al., 2009). There are two methodological reasons for this dearth of evidence. First,
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safety learning paradigms typically present cues for threat and safety simultaneously (i.e.,
differential learning paradigms; Lonsdorf et al., 2017), thus only allowing assessment of safety
learning relative to fear learning. Second, and relatedly, these paradigms operationalize safety
learning only as the absence of threat (i.e., inhibition of fear) rather than the presence of safety.
This experimental bias prevents the independent assessment of safety learning.
In the animal literature, in contrast, there are a growing number of studies using singlecued safety learning paradigms that allow for assessment of safety learning independent of fear
learning (Nahmoud, Vasquez, Cho, Dennis-Tiwary, & Likhtik, 2021; Pollak, Rogan, et al., 2010;
Rogan, Leon, Perez, & Kandel, 2005). These studies document distinct neurobehavioral
mechanisms involved in safety versus fear learning (Kong, Monje, Hirsch, & Pollak, 2014;
Pollak, Rogan, et al., 2010; Rogan et al., 2005). Further, a small number of studies in animals
show that experimental manipulation of safety learning reduces indices of state anxiety, such as
defensive freezing (Pollak, Monje, & Lubec, 2010; Rogan et al., 2005), and reduces a key
cognitive process underlying anxiety-related disruptions in threat detection and response overgeneralized fear (OGF), or indiscriminate fear responses extended to non-threat (Cho,
Likhtik, & Dennis-Tiwary, 2021; Nahmoud et al., 2021). Yet, few studies in humans utilize
single-cued safety learning paradigms to examine anxiety-related disruptions in anxiety and
OGF.
The goal of the present dissertation was to address these gaps using a multi-method
approach combining neurocognitive, behavioral, and physiological assessments in a single-cued
safety learning paradigm. We tested the hypothesis that single-cued safety learning, compared to
single-cued fear learning, will reduce anxiety and OGF. The ultimate goal of this program of
research is to examine unique disruptions in safety learning associated with anxiety, and

SAFETY LEARNING AND OGF IN TRANSLATIONAL RESEARCH

3

potentially to apply this knowledge to the development of novel treatment approaches targeting
these disruptions.
Safety Learning
Definition and neurobiology. Generating appropriate response to impending threat is
essential for one’s survival and well-being, and such threat response can be measured and
assessed experimentally via associative fear learning paradigms (i.e., pairing of a neutral
conditioned stimulus [CS] and an aversive unconditioned stimulus [US]; (Craske et al., 2009;
Lissek et al., 2005; Pavlov, 2010). Similar to fear learning, safety learning is another form of
associative learning, in which the CS is explicitly unpaired with the aversive US, thereby
creating a clear and discrete signal indicating safety in the environment, and has been
demonstrated via animal models to be reliable with good predictive validity (Kong et al., 2014;
Pollak, Monje, et al., 2010; Pollak et al., 2008; Rogan et al., 2005).
Using such methods, neurobiological evidence primarily from rodent models has shown
unique neurocircuitry associated with safety learning including involvement of the neural
structures such as the striatum, insula, and prefrontal cortex (PFC), and their interactions with
some key regions for learning such as the amygdala and hippocampus (see Kong et al., 2014 for
a review).
First, the striatum has been associated with safety learning. A functional neuroimaging
study in humans indicated that upon successful attainment of safety learning, exposure to safety
cue leads to an increase in the blood oxygenation level-dependent activity in the striatum, and
decrease activity in the amygdala (Pollak, Rogan, et al., 2010). In addition, using a fear learning
reversal paradigm (i.e., fear acquisition is achieved using a CS+ and a co-existing CS-, but with
the reversal, previous CS- becomes a threat cue and the previous CS+ becomes a non-threat cue),
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another human study documented a greater striatal activation to a safety cue versus a higher
amygdala activation to a threat cue (Schiller, Levy, Niv, LeDoux, & Phelps, 2008). However, in
this study, it was shown that when the previous cue associations were reversed, the neural
activity to the previous threat cue changed from increased amygdala responses to increased
activity in the other areas including the striatum as the previous threat cue is now a safety cue
(Schiller et al., 2008). In all, the switching of the activation in the brain regions (i.e., from the
amygdala to the striatum) corresponding to the switching of the cues from threat to safety
demonstrates the specificity of striatal activation in response to safety learning.
Further, evidence from animal studies corroborated that the striatum and its interactions
with the amygdala is important for safety learning, along with the interactions with the insula.
Specifically, increased activity in the striatum (caudoputamen) and the insula and reduced
activity in the amygdala during the presence of the safety cue are specifically linked to safety
learning in rodents (Rogan et al., 2005). In addition, the sensory insula (posterior insula) and
posterior intralaminar nucleus (PIN) are thought to work together to inhibit activity in the output
regions of amygdala (e.g., lateral hypothalamus) which results in behavioral inhibition of fear
from learned safety (see Kong et al., 2014 for review).
The prefrontal cortex, and its interactions with the amygdala, also appear to be crucial to
safety learning. A study, using diffusion tensor imaging during a single-cued safety learning,
further documented that safety learning is associated with dampened activity in the amygdala
and increased activity in the dorsolateral PFC, whereas fear learning was associated with
increased activity in the amygdala and decreased activity in the PFC (Pollak, Rogan, et al.,
2010). In addition, it was shown that a functional connectivity between the ventral hippocampus
and the prelimbic cortex was uniquely involved in reduction of fear expression through safety
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learning in mice (Meyer et al., 2019). Similarly with the rodent findings, Meyer et al. (2019)
further reported that the connectivity between the ventral hippocampus and dorsal anterior
cingulate cortex in humans was associated with attenuation of fear responses through safety
learning (Meyer et al., 2019).
Early evidence from animal studies suggest that safety learning might also be distinct
from fear learning on different neurobiological levels, including the size of synapse in the lateral
amygdala (Ostroff, Cain, Bedont, Monfils, & Ledoux, 2010), molecular levels such as D1
receptor which show impaired fear inhibition during safety learning when it is altered (Ng,
Pollock, Urbanczyk, & Sangha, 2018), along with unique expression of mircoRNA in the
amygdala (Ronovsky et al., 2019), and the promotion of BDNF expression via safety learnings
(Pollak et al., 2008). However, as safety learning is a relatively new paradigm that is most
extensively studied in animal models, there is a dearth of human research examining its relevant
neurocircuitry, especially compared to understanding of the neurobiology of fear learning
mechanisms (see Kong et al., 2014 for a review).
In sum, while the neurobiology of safety learning is in its infancy, studies with both
animals and humans suggest safety learning involves unique neural mechanisms and circuitries
compared to fear learning. However, a key limitation to this research is that safety learning is
typically measured and studied in the context of fear learning (i.e., as relative non-threat or
inhibition of fear). This methodological approach prevents the unambiguous isolation of neural
mechanisms that are specific to learning about the presence of safety.
Classic research paradigms in the study of safety learning. The primary experimental
methods for studying safety learning, particularly in human research, is to measure safety
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learning in the context of fear learning. These methods include differential learning paradigms
and fear inhibition paradigms such as summation and retardation tests and fear extinction.
In differential learning paradigms, the focus of examination is on the threat cue (CS+),
and the co-existing non-threat (CS-) presents the relative safety in the context of fear learning.
For example, a conditioned stimulus becomes a threat (CS+) when it is paired with an aversive
US and will elicit a fear response when presented, while another conditioned stimulus is never
paired with the US, becoming a non-threat (CS-) that will not elicit such fear response (Duits et
al., 2015; Lonsdorf et al., 2017). Therefore, using this method, CS- is studied as a cue indicating
relative safety or the absence of threat, rather than the explicit presence of safety (Cho et al.,
2021; Lonsdorf et al., 2017).
Using behavioral methods, studies have conceptualized safety learning as inhibition of
fear (Christianson et al., 2012; Kong et al., 2014; Pollak, Monje, et al., 2010; Rescorla, 1967).
More specifically, it has been shown that a CS may operate not only to drive a response but also
to inhibit a response (i.e., conditioned inhibitor). Summation paradigms are one technique for
measuring inhibition of fear in humans. The summation test describes the relationship of two
types of CS, with CS+ and CS- that are trained separately; when these two types of CS are
presented together, the CS- will reduce the responses to the CS+ compared to when the CS+ is
presented alone (Hammond, 1967; Rescorla, 1967). For example, upon completion training in
which cue A is paired with an aversive US and cue B is not, A becomes the CS+ and B becomes
the CS-. In summation tests, A and B are presented together as a compound cue (i.e., AB), which
shows a significant reduction of fear response to the AB compound cue compared to when A
(threat cue) is presented alone (see Christianson et al., 2012 for a review).
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Retardation paradigms are another technique for measuring inhibition of fear. In the
retardation tests, there is a delay in acquisition of fear learning when the CS is first presented and
trained as a CS-, then later gets paired with an aversive US which transforms the CS- into a CS+
(Rescorla, 1967). This inhibits fear responses to the new CS+ by delaying a newly forming
association between CS and US (Rescorla, 1967). For example, once a CS is trained to become a
CS-, less fear response to CS- is observed when it is newly paired with an aversive US,
compared to the fear response that one would see with the equal amount of CS-US training with
a novel CS (Christianson et al., 2012; Rescorla, 1967). A recent study used both summation and
retardation tests to show that overtraining of a signal that indicates absence of threat (via delivery
of the CS-) reduced fear responses in the presence of a CS+, emphasizing its relevance to
studying anxiety (Meyer et al., 2019).
Recent reviews of safety learning and anxiety (e.g., Cho et al., 2021, Kong et al., 2014;
Odriozola & Gee, 2020) highlight the conceptual and methodological distinction between safety
learning and fear extinction paradigms. For example, in comparing safety learning and fear
extinction, Kong et al. (2014) posited that although they both inhibit fear responses by presenting
only the CS- that predicts absence of threat, they are served by distinct behavioral training
mechanisms (i.e., fear extinction attenuates the relationship between CS and US by training the
absence of US, whereas safety learning strengthens the dissociation between CS and US by
presenting a CS that presents explicit safety period). Further, the two learning mechanisms have
distinct potential applications for clinical interventions, such that interventions grounded in fear
extinction target exaggerated and persistent fear responses that no longer indicate threat, whereas
safety learning targets the inability to properly respond to safety cues that may lead to issues
such as hypervigilance (Kong et al., 2014).
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Another key distinction between fear extinction and safety learning shown in animal
research is that whereas fear extinction is primarily focused on removing fear responses toward a
specific cue, safety learning involves a more comprehensive spectrum of behavioral responses
associated with anxiety (e.g., Cho et al., 2021; Kong et al., 2014). More specifically, safety
learning promotes reduction of not only the cue-based fear responses, but also taps into the
innate fear of the animal, such as reduction of anxiety in a new anxiogenic context (Kong et al.,
2014; Nahmoud et al., 2021; Pollak et al., 2008; Rogan et al., 2005).
In summary, safety learning has been primarily examined using paradigms that assess the
ability to learn about safety in the context of learning about fear. This prevents the independent
assessment of safety learning – that is, the association between a CS indicating the presence of
safety (CS-) without the need to learn the association between a separate CS indicating the
presence of threat (CS+). Research using single-cued paradigms may help address this problem.
Emerging research on safety learning using single-cued paradigms. As discussed
previously, one important step in clarifying these mechanisms is to examine the methods that are
used to assess safety learning. In differential learning paradigms, the safety cue (CS-) is
measured and studied as a cue predicting the absence of the US or aversive stimulus (e.g.,
electrical shock) and is compared to the threat cue (CS+).
In contrast, a paradigm that tests explicit forms of safety learning is termed a single-cued
learning paradigm—that is, it includes a single CS- cue that is explicitly unpaired with the US
without co-existing CS+, thereby creating an explicit, independent CS- indicating the presence of
safety(Christianson et al., 2012; Kong et al., 2014; Lovibond, Chen, Mitchell, & Weidemann,
2013; Nahmoud et al., 2021; Pollak, Monje, et al., 2010; Rescorla, 1967; Rogan et al., 2005). In
addition, in differential learning paradigms, identification of the role of the CS- may be hindered,
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as the co-existing CS+ can widen stimulus generalization curves around the CS+, and this can
increase the perceptual threshold that is required for discrimination of CS+ and CS- (Lissek,
Kaczkurkin, et al., 2014; Nahmoud et al., 2021; Schechtman, Laufer, & Paz, 2010).
The majority of human studies use differential paradigms to assess fear learning because
it provides higher statistical power via the within-subject design (i.e., comparing CS+ versus CSresponse within the same subject), allowing researchers to avoid obtaining multiple groups to
which their results are compared (Duits et al., 2015; Lissek et al., 2005; Lonsdorf et al., 2017).
However, there is an inherent limitation in the design in terms of examining the role of the CS(e.g., interpretation and validity of the inhibitory learning of the CS-) using differential
paradigms, such that it may introduce issues such as carryover effect from the previously
presented CS+, or perceptual ambiguity in the cues indicating threat compared to the relative
safety cues (Lonsdorf et al., 2017). In addition to this point, a meta-analysis indicated that
differences between anxiety patients and healthy controls in fear learning were not apparent
when differential learning paradigms were used to assess anxiety-related learning impairments,
but instead emerged only when single-cued paradigms were employed (Lissek et al., 2005).
Using single-cued paradigms, research with rodents shows that safety learning may
induce more than just simple inhibition of the fear response to the cue by actually promoting or
generating positive affect (Pollak et al., 2008; Rogan et al., 2005). That is, safety learning
induces unique learning outcomes that can be behaviorally observed (e.g., an increase in
exploration behavior to a novel, unpleasant environment that is naturally aversive to the animal,
or reduction in freezing fear response) that were distinct from those of fear learning (Pollak et al.,
2008; Rogan et al., 2005; Sangha, Diehl, Bergstrom, & Drew, 2020). This highlights the
potentially unique clinical relevance of safety learning, such as producing anxiolytic effects and
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bolstering behavioral flexibility (Kong et al., 2014; Nahmoud et al., 2021; Pollak et al., 2008;
Rogan et al., 2005; Sangha et al., 2020; Sangha, Robinson, Greba, Davies, & Howland, 2014).
Rodent research with single-cued paradigms further suggests that safety learning may
have reward-like properties. One study compared safety learned mice to a control group that was
simply exposed to the CS (e.g., tone). After the CS learning period, the two groups of mice were
given a “conditioned place preference test”, and the safety learned mice showed a preference for
a compartment in which the CS (i.e., the tone) was on, whereas the controls showed no
preference in where they stayed, indicating that the CS in the group of safety learned mice had a
potential positive, reward-like value of the CS (i.e., “CS preference”; Rogan et al., 2005).
However, safety learning research in human participants, particularly examining it in
relation to anxiety, is in its nascent stage. To our knowledge, one study to date used an
independent single-cued safety learning paradigm, compared to a fear learning paradigm, to
examine the unique, direct effects on functioning of amygdala-cortical circuitry and autonomic
reactivity (Pollak, Rogan, et al., 2010). Here, Pollak et al (2010) found that participants who
underwent safety learning showed pupillary constriction in response to the CS in contrast to
those who underwent safety learning who showed pupillary dilation that indicate emotional
arousal and autonomic activation.
Taken together, although differential learning paradigms provide valuable insights for
anxiety-related learning impairments, using single-cued safety learning can provide
methodological clarity in understanding the unique role of explicit safety cues that may have
implications for remediation of anxiety as shown in the animal studies. The promising rodent
findings using single-cued safety learning prompt research on single-cued safety learning in
studying human anxiety. However, anxiety has been associated with impaired ability to learn
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cues that indicate safety, which may require a method that could enhance or facilitate learning of
the safety cues, such as increasing saliency to the cue that indicates safety.
Saliency of the safety cues. A role of increased cue saliency in safety learning is another
research goal as anxiety is closely associated with impairments in learning cues that indicate
safety (e.g., Jovanovic et al., 2012; Lissek et al., 2009). One way to approach this issue is to
enhance saliency of the safety cue by accompaniment of an additional cue to the safety cue or the
“occasion setters” (Holland 1983, 1985; Pearce & Bouton, 2001). Broadly, occasion setters may
alter the strength of the CS-US association, working as “feature positive” which indicates a
presence of feature stimulus or “feature negative” which indicates an absence of feature stimulus
(Pearce & Bouton, 2001). With a feature positive, safety learning may be enhanced with an
increase in the allocation of attention to the safety CS with a presence of feature stimulus, thus
increasing the strength of unpairing between the CS and US. Therefore, introducing a feature
positive may alleviate the issue of impaired safety learning shown in anxiety (Jovanovic et al.,
2012). However, the limited research in this field limits further assumptions regarding the
methodological issues associated with the current safety learning protocols, and how they can be
improved. This gap in research urges the field for more research in this topic.
Based on this idea, a rodent study tested the effects of safety learning compared to fear
learning on reduction of anxiety and anxiety-related OGF, particularly employing additional
saliency to the safety cue (Nahmoud et al., 2021). Specifically, in addition to fear learning as a
comparison condition to the safety learning condition, the authors employed two additional
safety learning conditions – a CS- (i.e., auditory stimulus) that was accompanied by a short
presentation of a saliency cue (i.e., a house light) co-occurring or co-terminating with the CSpresentation. The study showed a compelling pattern in which the animals that were safety
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learned showed a reduction of anxiety-related behaviors such as defensive freezing and improved
fear discrimination (i.e., reduction of OGF), with the best case of performance shown in the
safety learning group with added saliency to the safety cue (Nahmoud et al., 2021). The findings
of this study further underscore the need for an investigation of safety learning on anxiety and
anxiety-related OGF in human models. In the present study, we explored adding saliency to the
CS- during safety learning in two ways based on the rodent study: addition of a saliency cue that
co-terminates with the CS- and addition of a saliency cue that begins with the CS-.
Anxiety-related Overgeneralized Fear (OGF)
Overgeneralized fear (OGF) is one of the key cognitive mechanisms associated with
human anxiety, characterized by indiscriminate fear response extended to threat and non-threat
stimuli (Dunsmoor & Paz, 2015; Lissek, Kaczkurkin, et al., 2014; van Meurs, Wiggert, Wicker,
& Lissek, 2014). Research anchored in translational models have delineated anxiety-related
learning impairments involving fear and threat, such as exaggerated fear response primarily
using fear learning paradigms (e.g., Lissek et al., 2005; Lonsdorf et al., 2017).
Emerging evidence indicates that anxiety-related OGF is associated with impairment in
inhibition of fear response to inappropriate circumstances, such as when individuals respond
with fear to a signal of safety (Indovina et al., 2011). Researchers have widely used
generalization gradient of fear response to study anxiety-related OGF in humans (Lissek et al.,
2008; Lissek, Kaczkurkin, et al., 2014). This generalization gradient shows that the strongest fear
response should be displayed toward a conditioned cue for threat (i.e., CS+), and the fear
response will gradually decrease as the stimuli (the generalization stimuli [GS] and CS-) become
more dissimilar in property or feature (e.g., a series of rings increasing in size) to the threatrelated CS+ (Lissek et al., 2009).
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A study examining the association between OGF in generalized anxiety disorder (GAD)
revealed that patients with GAD, whose symptoms are associated with disruptions in cognitive
processing such as overgeneralized threat monitoring showed abnormally shallow generalization
gradients (i.e., particularly showing less discrimination between CS+ and GS that are most
perceptually similar to CS+), indicating that the patients with GAD showed less degradation of
fear response to stimuli even for those that are perceptually dissimilar to CS+ compared to their
healthy counterparts (Lissek, Kaczkurkin, et al., 2014).
Another way of quantifying OGF is by creating fear discrimination scores, an approach
that has been predominantly used to assess OGF in animal studies (Likhtik, Stujenske, Topiwala,
Harris, & Gordon, 2014; Nahmoud et al., 2021). The difference scores in fear response (e.g.,
percent time freezing) to the CS+ and CS- can be calculated, with the higher difference scores
indicating enhanced ability to discriminate threat from nonthreat, or less OGF (Likhtik et al.,
2014, Nahmoud et al., 2021). The discrimination scores allow for an assessment and comparison
of the responses to the CS+ and CS-, which is a crucial piece of information in confirming that
learning was properly attained, and also to understand if responses to the CS+ significantly differ
from the CS-.
This observation of anxiety-related behavioral indices is also useful in probing human
anxiety. A study compared the US expectancy ratings (i.e., the estimated likelihood in
percentage of the US presentation with a CS, examining the association between the two stimuli)
in stress-induced state anxiety after completing a social stress task and found that elevated state
anxiety was associated with decreased discrimination between the CS+ and CS- (Dibbets &
Evers, 2017).
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Taken together, anxiety-related OGF as a construct and measurement can be a potential
platform to assess how anxiety impairs fear inhibition and promotes stronger fear acquisition.
Despite ample evidence for the link between fear learning disruptions and OGF in human
anxiety, associations between safety learning and OGF in human anxiety remain unclear, as does
the neurobiology underlying these processes, which can inform clinically relevant
neurocognitive measurement approaches.
Neurobiology of OGF
Cross-species research has demonstrated the importance of disruptions in medial
prefrontal cortex (mPFC)-amygdala circuitry as a key circuitry to understand anxiety-related
OGF (Cha et al., 2014; Greenberg, Carlson, Cha, Hajcak, & Mujica-Parodi, 2013; Grunfeld &
Likhtik, 2018; Likhtik & Paz, 2015; Likhtik et al., 2014; Lissek, Bradford, et al., 2014),
including its interactions with the hippocampus (Besnard & Sahay, 2016; Lissek, Bradford, et al.,
2014; O'Reilly & Rudy, 2001). In order to examine the underlying mechanisms of OGF in
individuals with anxiety, studies on both rodents and humans have examined the brain regions
involved in the failure to distinguish threat and non-threat. More specifically, it appears that OGF
in anxiety hinders a successful evaluation of threat and safety, leading to indiscriminate fear
response to threat. Both animal and human studies have revealed that medial prefrontal cortex
(mPFC) is a crucial region for fear generalization, specifically the reduced activity or deficient
recruitment (i.e., weaker structural and functional connectivity between mPFC and amygdala) in
this region, resulting in limited top-down control of activity in the amygdala (Greenberg et al.,
2013; Likhtik et al., 2014; Meyer et al., 2019).
In human studies examining fear generalization, the ventromedial prefrontal cortex
(vmPFC) has been shown to play a critical role in overgeneralized fear. Specifically, vmPFC is
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associated with threat-safety assessment, and patients with GAD with impaired ability to
discriminate between threat and safety cues show different patterns of activation observed with
fMRI compared to healthy controls (Cha et al., 2014; Greenberg et al., 2013). According to
Greenberg et al. (2013), patients with GAD showed less discriminant response pattern in the
vmPFC, indicating that this region is linked to impaired inhibition of fear. Furthermore, another
study measured vmPFC thickness, functional connectivity (i.e., the fear circuit), and structural
connectivity (i.e., prefrontal-subcortical pathway) within the corticolimbic systems using
structural, functional, and diffusion MRI, and found that all these factors independently predicted
individual variability of vmPFC threat assessment (Cha et al., 2014).
The mPFC and the basolateral amygdala (BLA) circuit, and the dynamic communication
between these two structures, plays a major role in threat-safety discrimination (Likhtik & Paz,
2015). The BLA is associated with encoding of safety information, and the BLA neurons are
responsive to the safety cues during acquisition and recall (Likhtik & Paz, 2015). Further, Rogan
et al (2005) showed that they respond to the CS that are associated with reward, suggesting the
close relationship of safety and reward such that the safety cue can be rewarding. Further, fear
expression and suppression (i.e., threat-safety discrimination) are associated with different
subdivisions of the mPFC (e.g., dorsal anterior cingulate cortex), and the BLA is heavily
associated with threat-related behaviors (e.g., the interactions of vmPFC and the amygdala is
active during fear suppression; Likhtik & Paz, 2015). Further, increased synchrony and
communication of the mPFC and BLA (i.e., particularly in the range of theta frequency; Likhtik
et al., 2014) during a discrimination task indicates more discrimination between CS+ and CS-,
whereas the absence of such changes in synchrony indicates generalization between the stimuli
(see Likhtik & Paz, 2015 for review).
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Additional brain regions associated with OGF in humans have been identified using
fMRI. Greenberg et al. (2013) showed that activity in the insula was associated the degree of
conditioned fear on the generalization gradient, and the other regions such as anterior cingulate,
supplementary motor cortex, and caudate showed increased reactivity also as the non-threat
stimuli became perceptually more similar to CS+. These neural findings were consistent with the
expectancy rating (i.e., the self-report for the perceived likelihood of receiving shocks) of the
participant for each stimulus (Greenberg et al., 2013). In addition, a study examining the
midbrain ventral tegmental area (VTA), which has been traditionally linked to motivation,
highlighted the importance of this region for its role in fear generalization (Cha et al., 2014).
More specifically, the findings of this fMRI study suggested that significant increase or decrease
in VTA reactivity toward CS- (i.e., generalization stimulus; GS) was shown exclusively in
patients with GAD, whereas healthy controls showed proportional VTA reactivity following the
generalization gradient (Cha et al., 2014).
In all, some distinct neural circuitries (e.g., mPFC-amygdala) and structures (e.g., insula,
anterior cingulate, and VTA) are thought to underlie threat-safety discrimination because they
are implicated in key related processes including (1) encoding of information about CS-US
relationships, (2) perceptual discrimination of threat versus non-threat stimuli, and (3) inhibition
of fear response. Research observing anxiety-related OGF is primarily focused on the fearrelated defense mechanism such as activation of the mPFC-amygdala circuitry (Lissek, Bradford,
et al., 2014), but what remains unclear to date is how anxiety-related impairment in cognitive
processes influence OGF. This presents a crucial gap in our understanding of OGF, as OGF is a
multi-step process that involves identification of stimuli on a perceptual level, recognition of
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details of the stimulus that involves different cognitive processes (e.g., attention), and some part
of deliberation process that is required to distinguish a threat cue from all other non-threat cues.
Neurocognitive Measures of OGF
In paradigms examining generalized fear responses, the generalization stimuli gradually
get more similar perceptually to a threat cue, and this would require enhanced cognitive
resources during the discrimination stage (Nelson, Weinberg, Pawluk, Gawlowska, & Proudfit,
2015). One of the tools that would allow observation of distinct stages of cognitive processing is
scalp-recorded EEG-derived event-related potentials (ERPs), to capture early perception and
attention (Luck, Woodman, & Vogel, 2000). ERPs are also particularly well-suited to capturing
multiple cognitive processes underlying OGF due to their high temporal sensitivity and acuity on
the order of milliseconds and their functional specificity, which can be time-locked to specific
stimulus presentations.
For example, the N170 is an ERP component recorded from occipito-temporal regions
occurring around 150 ms -200 ms post-stimulus (Luck et al., 2000; Vogel & Luck, 2000). With
neural generators including the fusiform gyrus, the N170 is thought to signal early detection and
discrimination of valenced stimuli, such as emotional faces (Bentin, Allison, Puce, Perez, &
McCarthy, 1996; Vogel & Luck, 2000; Williams, Palmer, Liddell, Song, & Gordon, 2006) and
threat versus non-threat (Bentin et al., 1996; Denefrio, Myruski, Mennin, & Dennis-Tiwary,
2019; Eimer, 2000). The N170 has been also linked to categorical perception (Campanella et al.,
2000), emotion recognition (Feuerriegel, Churches, Hofmann, & Keage, 2015), and emotional
processing and discrimination (O'Toole, DeCicco, Berthod, & Dennis, 2013).
For example, more emotionally and motivationally salient or evocative stimuli are
associated with a higher (more negative) amplitude in N170 (Denefrio et al., 2019; O'Toole et
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al., 2013). The N170 has been used to assess impaired discrimination in different clinical
populations, including schizophrenia (e.g., Feuerriegel et al., 2015), depression (Chen et al.,
2014), and anxiety (e.g., Denefrio et al., 2019). A recent study used the N170 to document OGF
in GAD (Denefrio et al., 2019). In this study, adults with a GAD diagnosis were compared to
healthy controls while viewing threat versus nonthreat stimuli, during which N170 to stimuli
were generated to reflect early visual discrimination (Denefrio et al., 2019). The results indicated
that compared to controls, those with GAD showed reduced visual discrimination between angry
versus neutral faces measured via the N170, showing no difference in the N170 amplitudes to
different stimulus types (Buzzell et al., 2017; Denefrio et al., 2019).
Further, a study with children showed that greater N170 amplitudes to threat (i.e., angry
face) compared to non-threat (i.e., happy face) predicted greater anxiety severity two years later,
indicating that N170 may operate as a potential indicator for increased risk for anxiety in young
children (O'Toole et al., 2013). Taken together, the N170, which involves perceptual processing
of threat-related versus non-threat information, could be used as a target of assessing the
neurocognitive mechanisms associated with OGF.
Another ERP component that can be used to measure OGF is the late positive potential
(LPP). The LPP is an ERP that emerges approximately 200 ms to 300 ms after the onset of
stimulus arising from midline centroparietal regions (electrodes Pz, CPz, Cz, CP1, and CP2) that
is sustained for the duration of stimulus presentation (~2000 ms; Luck & Kappenman, 2011).
The LPP is sensitive to emotionally evocative and salient stimuli, with greater magnitude LPPs
being associated with both pleasant and unpleasant emotional stimuli (Cuthbert, Schupp,
Bradley, Birbaumer, & Lang, 2000; Hajcak, Dunning, & Foti, 2009; Hajcak & Nieuwenhuis,
2006).
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In the case of fear learning paradigms, if learning is successful, the CS+ is more salient
and motivationally significant relative to the CS-, and thus should be associated with LPPs of
greater magnitude as several studies have documented (Bocker, Baas, Kenemans, & Verbaten,
2004; Bublatzky & Schupp, 2012). The LPP, therefore, provides a sensitive index of disruptions
in discriminative (threat-safety) learning related to anxiety. While some studies suggest that the
LPP may not capture the subtle differences in the generalization stimuli (e.g., Nelson et al.,
2015), potentially indicating it as an unlikely candidate for a primary measure of OGF, several
studies to date have employed the LPP to measure the cue salience during learning paradigms. In
one study, the LPP showed enhanced response to the CS+ compared to the CS-, indicating that
CS+ is more emotionally salient stimulus (e.g., Böcker et al., 2004).
In addition, some studies have indicated benefits of using the LPP in capturing different
stages of processing of emotionally salient stimulus, as it allows for examination of different
temporal windows being a sustained ERP that lasts throughout the duration of stimulus
presentation (Myruski, Bonanno, Cho, Fan, & Dennis-Tiwary, 2019). Thus, it can capture
relatively early attention processes (Hajcak, MacNamara, Foti, Ferri, & Keil, 2013) as well as
later elaborate cognitive processes (Hajcak & Nieuwenhuis, 2006) associated with the stimulus.
Taken together, employing ERPs, with their high temporal sensitivity and acuity, may
allow for examination of distinct stages of attention and cognitive processing to each stimulus
during the fear generalization task. Specifically, N170 and LPP can provide unique cognitive
processes associated with OGF.
Anxiety-related Individual Difference in relation to OGF
While relevant, there is limited research to date that links individual differences in
anxiety-related dimensions, such as anxiety sensitivity, to the capacity to learn safety-related
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information. Anxiety sensitivity refers to a tendency to misinterpret benign anxiety-related
sensations (e.g., heart palpitations) as being physically or psychologically threatening (Hunt,
Cooper, Hartnell, & Lissek, 2019; Reiss, Peterson, Gursky, & McNally, 1986). Anxiety
sensitivity, often conceptualized and measured as “fear of fear”, has been shown to be
exaggerated in anxiety disorders, as the related symptoms of anxiety sensitivity may amplify
avoidance of fear-related situations and events that may provoke anxiety (Hunt et al., 2019;
Olatunji & Wolitzky-Taylor, 2009; Reiss et al., 1986; Wilson & Hayward, 2006).
This link between anxiety sensitivity and anxiety-related avoidance may provide
important insights into understanding the relationship between fear-safety learning and OGF. For
example, a study examined anxiety sensitivity as a moderator in relations between maladaptive
avoidance decisions and OGF in healthy adults with wide-ranging levels of anxiety sensitivity
using a computerized task (i.e., aversive Pavlovian-instrumental covariation during
generalization; Hunt et al., 2019). More specifically, this Pavlovian generalization task allows for
an assessment of maladaptive avoidance by presenting situations in which avoidance is necessary
(i.e., when threat-related stimulus is presented) or avoidance is maladaptive (i.e., unnecessary
avoidance of low-risk situations such as when non-threat stimulus is presented; Hunt et al.,
2019). The results of this study showed that higher maladaptive generalized avoidance was
associated with higher OGF for those who had higher baseline anxiety sensitivity, indicating a
potentially important role of anxiety sensitivity in maladaptive learning and OGF (Hunt et al.,
2019).
Another anxiety-related difference that may influence the relationship between learning
and OGF is intolerance of uncertainty. One study examined the LPP differences in the CS+ and
GSs, particularly testing if fear generalization, evidenced by no LPP amplitude difference for
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threat and non-threat, was shown in people with higher intolerance of uncertainty which is
another trait-like individual difference that is associated with anxiety (Buhr & Dugas, 2002;
Nelson et al., 2015). The results of this study indicated that the LPP amplitudes for all non-threat
stimuli were different from the CS+, in that people in general showed higher LPP to CS+
compared to other GSs (potentially indicating that the CS+ is more emotionally salient that the
GSs), but the LPP amplitudes did not differ across the GSs, suggesting that LPPs were not
sensitive enough to detect generalization gradient for the sample as a whole. However, the results
showed that the LPP to the GS differed as a function of intolerance of uncertainty, in that high
intolerance of uncertainty was associated with reduced amplitudes of LPP to the GS (Nelson et
al. 2015).
Together, these early evidence show a potential relationship between anxiety-related
individual differences and OGF. The goal of the present study was to examine the role of
anxiety-related individual differences in safety learning and OGF, particularly pointing to the
role of anxiety sensitivity in learning of safety-related information and OGF.
Assessment of Anxiety-Related Behaviors
In human studies, anxiety severity is often assessed and tracked using self-reported
questionnaires (e.g., state anxiety; Spielberger et al., 1983). While self-reported questionnaires
can accurately reflect anxiety severity, behavioral observation can also provide unique insights to
understand human anxiety, specifically in relation to fear and safety learning (e.g., Kruse et al.,
2018).
The Trier Social Stress Test (TSST), which assesses social-evaluative threat, is one
candidate task to assess anxiety-related behaviors (Kirschbaum, Pirke, & Hellhammer, 1993).
During the task, participants complete either a mental arthmetic or speech task in the presense of
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judges, during which their anxiety-related behaviors such as freezing or trembling are evaluated
(Denefrio, 2019). While there are limited research using TSST on human subjects assessing their
cue-related anxious behaviors after fear or safety learning (e.g., Kruse et al., 2018), it may be
used as a human analog of open field used in rodent studies as it allows a period of time that
anxiety-related behavior can be observed (e.g., Nahmoud et al., 2021).
When animals face threat, they show an increase in defensive behaviors, which are often
used as a metric of anxiety or stress (e.g., Pollak et al., 2008). In studies of fear learning, animal
studies often operationalize and quantify anxiety in terms of anxiety- or stress-related behaviors
(Nahmoud et al., 2021; Pollak et al., 2008; Rogan et al., 2005). Defensive behaiviors include
those that are active (e.g., darting, escaping behavior) and passive (e.g., freezing behavior;
Bangasser et al., 2015; Jansen et al., 1995; Kozlowska et al., 2015). For example, in examining
both fear and safety learning, rodent studies compared freezing response to CS (e.g., Pollak et
al., 2008). If the animals recognized a CS as a threat cue, they would show higher defensive
freezing to the cue compared to when the cue is absent; whereas if a CS is recognized as a safety
cue, they would show lower defensive freezing to the cue compared to when the cue is absent
(Nahmoud et al., 2021; Rogan et al., 2005). Often, these defensive behaviors are measured in the
context that animals learned fear or safety, but the defensive behaviors to the learned cue can
also be tested in a novel enviroment (e.g., an open field/elevated plus maze for an experimental
test for animals that allows assessment of the level of anxiety measured by willingness to explore
an anxiogenic environment; Nahmoud et al., 2021).
In sum, there is limited human research on assessment of anxiety-related behaviors (e.g.,
defensive freezing) in relation to fear and safety learning. However, rodent studies have
demonstrated unique behavioral shifts related to anxiety, based on the presence of CS after fear
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or safety learning using quantification and assessment of behavior. Employing behavioral tasks
such as the TSST, which is widely used task to assess threat, can allow behavioral assessment of
anxiety severity and stress reactivity in response to CS.
The Current Study
The goal of the current dissertation was to examine the impact of single-cued safety
learning, compared to fear learning, on anxiety and anxiety-related OGF. There is a
methodological limitation in the way in which safety learning is studied in human research, in
that safety learning has been examined in the context of fear learning as relative safety. While
single-cued safety learning paradigms have shown promising effects in reducing anxiety and
anxiety-related OGF in rodent research (e.g., more explorative behavior with safety learning
indicating reduced anxiety; Nahmoud et al., 2021; Rogan et al., 2005), a gap still remains in our
understanding of the impact of single-cued safety learning on human anxiety.
To address this research gap, we assessed the effects of safety learning compared to fear
learning on anxiety and anxiety-related OGF using single-cued learning paradigms. Further, we
explored varying levels of cue saliency by pairing additional sensory stimulation (e.g., visual
stimulus paired with an auditory stimulus to enhance the saliency effect of the CS) to examine if
enhanced saliency of the safety cue facilitates the effects of safety learning.
The overarching goal of the project is to clarify the links between safety learning and
anxiety-related OGF and to evaluate the potential relationship between OGF and anxiety-related
individual differences such as anxiety sensitivity (see Figure 1 for a theoretical construct). We
combined the use of behavioral metrics of OGF during a fear generalization task (i.e., risk ratings
measuring the risk associated with each stimulus) with ERP, a temporally-sensitive, attentionrelated neurocognitive index reflecting early attention and stimulus discrimination (i.e., N170;
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Bentin et al., 1996; Eimer, 2000) and emotional processing (i.e., LPP; Nelson et al., 2015). In
addition, we incorporated a physiological index of skin conductance response (SCR) and
behavioral measures of stress and anxiety to track fluctuations and changes during a fear and
safety learning task, specifically during retrieval of learned responses for in-context and novel
environment (Hartley, Gorun, Reddan, Ramirez, & Phelps, 2014; Kirschbaum et al., 1993;
Montero-Lopez et al., 2016). For anxiety-related individual differences, we used anxiety
sensitivity measured at baseline using Anxiety Sensitivity Index (Taylor & Cox, 1998).
Overall Summary
Taken together, prior research suggests that safety learning is disrupted in anxiety and
OGF, but that the current methodological reliance on differential learning and fear inhibition
paradigms in human research prevents direct assessment of mechanisms of safety learning that
are distinct from those of fear leaning. We also note a potential role of saliency of the safety cue
that may contribute to the potency of safety learning effects, and furthermore examining how
anxiety-related individual differences, specifically anxiety sensitivity, influence the relationship
between safety learning and overgeneralized fear as an outcome.
The use of single-cued learning paradigms that conceptualize safety learning as an
isolated mechanism that denotes the presence of safety rather than the absence of threat has the
potential to reveal unique clinically relevant applications for the treatment of anxiety,
specifically targeting anxiety-related cognitive process such as OGF.
Aims and Hypotheses. In the current study, we reconceptualized safety learning as an
explicit, independent paradigm, and examined its role in changing anxiety and anxiety-related
OGF compared to fear learning. Specific Aim 1 was to examine the effects of safety learning,
compared to fear learning, on anxiety, more specifically anxiety-related OGF in human subjects.
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Further, we will examine if safety learning can reduce anxiety-related indices by examining the
SCR during safety/fear testing (in-context retrieval) and stress induction task (novel anxiogenic
environment). The hypothesis was that successful attainment of safety learning will facilitate the
discrimination learning, and reduce OGF (i.e., enhanced threat-safety discrimination) compared
to fear learning. Anxiety-related OGF will be measured via three converging methods:
behavioral risk ratings, neurocognitive measures (ERP), and physiological measure (SCR). In
addition, an exploratory hypothesis was that safety learning with increased salience of the CS
will show stronger effects on reduction of OGF relative to the traditional safety learning and fear
learning paradigms.
Specific Aim 2 was to test the effects of safety learning, compared to fear learning, on
OGF, and the moderating role of anxiety-related individual differences. The hypothesis was that
safety learning would reduce OGF, but that this association would be moderated by anxiety
sensitivity measured at baseline. More specifically, we hypothesized that this association would
be strongest in individuals who have high anxiety sensitivity (Reiss et al., 1986).
Specific Aim 3 was to test the effects of safety learning, compared to fear learning, on
anxiety-related outcomes, and the mediating role of OGF. The hypothesis was that safety
learning would reduce three measures of anxiety-related outcomes (i.e., change in subjective
anxiety), but that this association would be mediated by reductions in OGF. We would also be
able to test whether OGF moderates these effects if mediation analyses yield null results.
The study aims investigated the effects of learned safety versus fear on anxiety-related
OGF in humans using a method based on a rodent study protocol, thus filling an important need
for research that directly translates methodologies from animal to human models. Further, the
study incorporated behavioral, subjective, physiological, and neurocognitive indices of OGF and
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anxiety-related individual differences, thus providing converging evidence for role of safety
learning in anxiety-related OGF.
Method
Participants
One hundred and thirty-five adults [85 (63%) female] were recruited to participate
from Hunter College community. Participants were screened using the Depression, Anxiety,
and Stress Scale (DASS 21; Henry & Crawford, 2005), and were invited to participate with
the scores of mild to severe level of anxiety (range = 0-18; M = 4.64, SD = 3.78) or stress
subscales (range = 0-19; M = 6.96, SD = 4.25). A total of sixty-two participants were invited
to the lab to participate in the study, and five participants were excluded due to premature
termination of study (i.e., fail to complete Visit 2 or part of Visit 2).1 Based on the SCR nonresponder analysis,2 three individuals were identified as non-responders. No participant was
excluded due to other data quality issues (i.e., EEG recording).
The final sample included fifty-seven adults [33 (57.9%) female] ranging in age from
18 to 45 years old (M = 24.05; SD = 6.07) who completed both Time 1 (Learning) and Time 2
(Testing, Fear Generalization Learning and Testing). Participant ethnicity was as follows: 18
(31.6%) White, 17 (29.8%) Asian, 4 (7.0%) Black or African American, 1 (1.7%) American

1

An a priori power analysis (conducted via G*Power) showed that a sample size of 80 participants would be
sufficient to detect medium effect sizes (f = .25 and above) for four groups across the two target within-subjects
measures (CS-ON and CS-OFF) at 96% power.
2
SCR non-responder is defined as those who consistently show small or no fluctuations in response (< 0.02 µs) to
the US during the learning period (e.g., Marin et al., 2020). SCR to the US were generated via the difference scores
of the highest skin conductance level (SCL) during the 8 s post-US delivery and the mean SCL during the 2 s preUS delivery. Individuals who showed less than .02 µs on average across all learning trials were identified as nonresponders. Each participant was assessed twice for non-responder analysis, once during the learning (fear/safety)
phase as well as fear generalization learning. Two participants were identified as non-responders for fear/safety
learning, and one for fear generalization learning. For the purpose of the study, all three participants were still
included in the study as they exhibited SCR for at least one task. A separate analysis was conducted excluding these
three participants to ensure the pattern observed during the main analyses persist without these non-responders.

SAFETY LEARNING AND OGF IN TRANSLATIONAL RESEARCH

27

Indian/Alaskan Native, 14 (24.6%) More than one race, and 3 Missing report of race (5.3%).
Participants’ education level ranged from less than high school (1.8%) to Doctorate level
(3.5%) (Median = Bachelor’s Degree), and annual household income ranged from $0 to
$300,000. Upon arrival, participants were randomly assigned to be in one of the learning
groups, Fear Learning (n = 13), Safety Learning 1 with no added saliency to the CS (n = 14),
Safety Learning 2 which the CS co-occurs with a soft auditory cue (n = 13), or Safety Learning
3 which the CS co-terminates with a soft auditory cue (n = 17). Phone screens were conducted
prior to appointment scheduling to exclude participants with previous and/or current
psychological disorders such as autism spectrum disorder, attention deficit hyperactivity
disorder, or any psychotic disorders. Participants completed a set of questionnaires upon their
arrival to ensure that they met moderate to severe levels of stress or anxiety. Participants were
compensated $25 for completing their first visit (Time 1), and $50 for completing their second
visit (Time 2).
Materials and Procedure
The study consisted of two visits on two consecutive days. The first visit included
completion of a questionnaire packet to assess participants’ baseline anxiety and depression
related symptoms, a computerized threat bias assessment3, and fear or safety learning. Second
visit included testing of learned condition from the previous day’s visit, stress induction task,
fear generalization learning task, a break in which participant leaves the lab for 2-3 hours and
come back to finalize the fear generalization testing task, and finally, another computerized
threat bias assessment to complete the study (see Figure 2 for the experiment flow).

3

All participants completed threat bias assessments consisting of tasks such as the dot probe task (MacLeod et al.,
1986) to measure their attentional bias before and after fear/safety learning over the course of two visits. Because we
did not use this measure as a predictor or outcome variable for the purpose of this present dissertation, we did not
include these measures.
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Questionnaires.
The Depression, Anxiety, and Stress Scale (DASS-21; Henry & Crawford, 2005) is a 21item questionnaire that measures symptom severity using three subscales of depression, anxiety,
and stress. Each subscale consists of seven items, scored on a 0-3 scale, and with scores ranging
from 0 to 21 for each subscale. The DASS-21 has sound psychometric properties, including high
reliability in the depression (.81), anxiety (.89), and stress (.78) subscales (e.g., Coker, Coker, &
Sanni, 2018). The anxiety and stress subscales of DASS-21 were used for the current study to
evaluate the impact of individual differences in anxiety and stress symptoms.
Beck Anxiety Inventory (BAI; Beck, Epstein, Brown, & Steer, 1988) contains 21 questions
that assess symptoms of anxiety including cognitive, behavioral and physiological arousal. The
questions are on a 4-point scale from 0 (“not at all”) to 3 (“Severely”) based on how they
evaluate their anxiety symptoms during the past month (e.g., “unsteady”, “nervous”). The total
sum scores have three levels of anxiety severity: low anxiety (0-21), moderate anxiety (22-35),
and high anxiety (36 and above). The questionnaire has a clinical score cut-off of 16 and above.
The BAI has sound psychometric properties, including high internal consistency and reliability
(.75), internal consistency (.92), as well as good convergent (.51) and discriminant validities
(ranging from .15-.48; Beck et al., 1988). The BAI was used to assess anxiety severity in the
current study.
State-Trait Anxiety Inventory (STAI; Spielberger et al., 1983) is a 40-item questionnaire
that measures the state (20 items) and trait level (20 items) of subjective anxiety. Each item is
rated on a scale of 1 (not at all) to 4 (very much so) of how much each prompt reflects how
participants feel right now and in general. The state measure assesses symptoms in the moment
(e.g., “I am tense”), and the trait measure assesses general feelings of anxiety (e.g., “I worry too
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much over something that really doesn’t matter”). The STAI has sound psychometric properties,
including favorable reliability (State = .45 and Trait = .97; Metzer, 1976). The STAI-T was used
to assess participants’ baseline anxiety, and the STAI-S was used to track change in state anxiety
in the study (e.g., as a measure of stress reactivity pre- and post-TSST).
Anxiety Sensitivity Index-Expanded (ASI; Taylor & Cox, 1998) is a 36-item survey
expanded from the original 16-item version developed by Reiss and colleagues (1986) which
was designed to measure the tendency or degree to which the individuals feel fearful towards
their experience of somatic (physical) and cognitive symptoms of anxiety arising from the belief
that these symptoms may cause negative consequences (Reiss et al., 1986). The expanded scale
consists of three subscales, including physical concerns (e.g., “It scares me when my heart beats
rapidly”), cognitive concerns (e.g., “When I am nervous, I worry that I might be mentally ill”),
and social concerns (e.g., “It is important for me not to appear nervous”), and each question is on
a 5-point Likert scale, ranging from 0 (“very little”) to 4 (“very much”). The ASI has sound
psychometric properties including high internal consistency (ranging from .80-.90), reliability
(.75), and good construct validity (Maller & Reiss, 1987; Peterson & Reiss, 1992). The ASI was
used as a baseline measure of anxiety-related individual difference for the current study.
Analog Mood Scale (AMS; MacLeod et al., 2002) is a brief measure of positive and
negative mood consisting of three questions (i.e., “How anxious are you?”, “How sad are you?”,
and “How happy are you?”). Participants were told to indicate their present mood by identifying
a location on a horizontal line divided into 30 equally distanced segments labeled 1 (not at all) to
30 (very much). The AMS anxiety question was used in the current study as a brief measure to
quantify and track changes in mood anxious across different time points throughout the two
study visits.
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Electrodermal Activity and Electroencephalography (EEG) Application.
Skin conductance response (SCR) was used as an index of autonomic arousal for
electrodermal activity in response to threat stimuli during fear and safety learning along with the
fear generalization task. Following completion of questionnaires, a Biopac MP150 wireless
system (Biopac Systems, CA, USA) was applied in order to record skin conductance response.
Isotonic electrode gel was used together with disposable electrodes (EL-507) before wires were
attached. After scrubbing with an alcohol cleansing pad, the gel and electrodes were placed onto
participants’ index and middle fingers of their non-dominant hand recommended in previous
research (Boucsein et al., 2012; Dawson, Rissling, Schell, & Wilcox, 2007). Then, the wires
were connected using a set of leads (BN-EDA-LEAD2) to the Biopac wireless acquisition unit
(PPG/EDA device), which was wrapped around participants’ wrists. Then, a set of different,
longer leads (CBL207) were connected to the stimulator (i.e., trigger cable into the “Output
50Ω” socket on the STM100C module), while not attached to the participant.
For each participant, their wrist was cleaned using a water-soluble scrub and cleaned off
immediately with a paper towel. Then, two EL-501 electrodes were placed onto the wrist
approximately two fingers distance away from the EDA device. Then, the leads from the shock
device were attached to the electrodes to adjust the level of shock. A breathing task was
completed immediately upon the set-up in which participants inhaled and exhaled deeply to
ensure correct recording. In order to determine an individual level of aversive, but not painful
level of shock, each participant completed a voltage set-up. A research assistant filled out a
sensation scale developed by the researcher that informed participants that in order for the study
to work, they had to be willing to set the shock to a level that they find unpleasant but not
painful, and that they would be asked to identify a level of shock that felt “annoying” so that they
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would not get used to it but that was not be painful. Starting from 15 V, participants were
notified each time shock was delivered. They were asked to rate the aversiveness on a scale of 1
to 10. Anything above 7 was reduced by 2.5 V per shock, and if they reported below 7 the shock
level increased by an increment of 5 V until they reached a rating of 5 to 6. The entire SCR setup was repeated each time it was re-attached. The SCR data which was sampled at 1,000 Hz
sampling rate, and was used as a physiological measure of the fear response elicited during
conditioning and testing protocols.
After the SCR acquisition was set up, participants were fitted with an elasticized nylon
EEG cap and electrodes were applied according to the international 10/20 system. EEG was
recorded continuously via Biosemi 64 Ag/AgCl active scalp electrodes (BioSemi; Amsterdam,
NL) sampled at 512 Hz during following Visit 1 Fear/Safety Learning and Visit 2 Fear
Generalization Testing. Eye movements were monitored by electro-oculogram (EOG) signals
from four facial electrodes placed around each eye. To monitor vertical eye movements,
electrodes were placed 1-cm above and below the left eye, and to monitor horizontal eye
movements electrodes were placed 1-cm from the outer corner of each eye. Electrodes were preamplified for the EEG signal to improve the signal-to-noise ratio at each electrode during
recording. During EEG acquisition, the voltage from each electrode was referenced online with
respect to the common mode sense active electrode, which produces a monopolar
(nondifferential) channel.
Fear and Safety Learning Task. Participants were randomly assigned to one of four
learning conditions: Fear, Safety, and Safety with an added saliency cue that co-terminates with
the CS- and addition of a saliency cue that begins with the CS-. Figure 3 depicts each condition.
The learning protocol was based on a commonly used paradigm (Lonsdorf et al., 2017) that
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delivers mildly uncomfortable shocks to the wrists of participants when certain stimuli appear on
a computer screen during the Acquisition Phase. This Pavlovian-style conditioning trained the
participants to associate the visual stimuli with shock (fear learning) or associate a visual
stimulus with safety from the shock that would be tested during their return visit. Prior to starting
the fear or safety conditioning protocol, participants selected their own personalized level of
shock (i.e., a level that was uncomfortable but not painful), and this pre-determined level was
used throughout the learning protocol. Shocks were delivered by a stimulating electrode attached
to the non-dominant wrist and the electrode was connected to the Biopac STM-200 stimulator.
Shocks lasted for 200 ms, and were no stronger than 60 V, a voltage level that would cause no
harm to participants. In fear learning, a visual stimulus was paired with the shock.
For safety learning, three different designs of the task were used, in which a visual
stimulus is explicitly unpaired with the shock (Rogan et al., 2005; Pollak et al., 2008): 1) the CS
(i.e., a visual stimulus) unpaired with shock, 2) the CS co-occurs with a soft auditory cue lasting
500 ms, and 3) the CS co-terminates with a soft auditory cue lasting 500 ms. At the end of the
task, participants were asked, “Based on your experience so far: what risk is there that if you saw
this image again you would receive a shock?” to see if they had acquired the relations between
the shock and stimulus. Participants answered the question on a 3-point scale (0 = “low risk”, 1 =
“moderate risk”, 2 = “high risk”) using the keyboard (see Figure 4 for an example trial).
Fear Generalization Task. The Fear Generalization task consisted of a learning phase
and a testing phase (method adopted from Lissek et al. 2008). The generalization paradigm
consisted of three phases: a) Pre-Acquisition phase, which took place at the beginning of the
task, in which CS+ and CS- were presented three times each for 8 seconds, in the absence of any
US (shock) (this also included six intertrial intervals [ITI]); b) Acquisition phase, which included
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six CS+ presentations with 75% shock contingency (i.e., 4 CS+ with shock, 2 CS+ without
shock), six CS- presentations that were each presented for 8 seconds, and an ITI (12 seconds);
and c) Generalization Test, which included six CS+ presentations with 50% of contingency (3
CS+ with shock, 3 CS+ without shock) to avoid the learning effect washing away during a long
test period, 6 CS- presentations, and a total of 36 generalization stimuli ([GS] with three GS
types, with 2 different sized rings for each GS types presented 6 times; Figure 5).
This slightly modified version of the task from Lissek et al (2008) allowed us to create a
gradual continuum of similarity across the stimuli, and also to capture a gradual slope for
generalization. However, we reduced the number of GS from eight to six GS (four to three GS
classes) from Lissek et al. (2008) to avoid unrealistically long experiment and habituation
effects. Our methodological change entailed a 20% (instead of a 15%) change in the ring size
across the continuum. The diameter for the smallest ring of the GS 1 was 2.4 inches and
subsequent rings increased by 20% with GS 1 being 2.4 in, GS 2 being 2.8 in, GS 3 being 3.2 in,
GS 4 being 3.6 in, GS 5 being 4.0 in, and GS 6 being 4.4 in.
Two novel visual stimuli (i.e., differently sized rings) were presented during the task, one
of which was paired with electric shock (CS+) and the other of which was never paired with
shock (CS-), thus establishing threat and relative safety cues (The sizes, large and small rings to
indicate CS+ and CS- were fully counterbalanced across participants). Participants’
physiological response to CS+ and CS- (measured via SCR) and their self-rated expectancy of
shock was measured to determine the degree of fear discrimination (differences between CS+
versus CS-) for each trial. After this task, participants were asked to leave the lab and come back
after a 2-3 hour break to allow for memory consolidation following the Fear Generalization
Task.
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Once they returned to the lab, fear generalization testing was conducted. The two shapes
that were used during the Fear Generalization conditioning task were presented on the computer
screen without electrical shocks being delivered. Furthermore, participants were introduced with
a series of differently sized rings that gradually resembled the CS+ and CS- (see Figure 5 for
stimuli). As mentioned above, these generalization stimuli (GS) came in six different sizes,
totaling three generalization stimuli classes (GS1, GS2, and GS3). The testing phase was done to
ensure that discrimination learning was fully attained by comparing physiological response and
self-reported assessment to the two shapes and the six different generalization stimuli among the
four conditioning groups (fear, safety, safety with co-terminating saliency and safety with cooccurring saliency). Following each trial, a question assessing the risk associated with the
stimulus (“level of risk?” on a 3-point scale) was assessed in order to gauge participants’
experience with the stimuli (See Figure 6 for a sequence of a typical trial).
Fear Discrimination Scores. Further, fear discrimination scores were generated to assess
individuals’ ability to distinguish threat from non-threat. Based on the animal literature,
difference scores between CS+ and CS- were calculated to represent the ability to discriminate
threat from relative safety (e.g., Nahmoud et al., 2021), and additionally, difference scores
between CS+ and GS1 were calculated to assess the ability to distinguish threat from something
that perceptually resembles threat but does not pose any danger. The two types of discrimination
scores were calculated using the values from risk expectancy ratings to stimuli, SCR, and ERPs
(N170 and LPPs).
The Modified Trier Social Stress Test. A stress induction task was conducted to create
a human analog to an open field/elevated plus maze (i.e., an experimental test for animals that
allows assessment of the level of anxiety measured by willingness to explore a novel, anxiogenic
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environment; Nahmoud et al., 2021). In order to create a similarly anxiety-producing
environment to an open field in which we can present the CS during the test, we chose the Trier
Social Stress Test (TSST) which assesses social-evaluative threat (Kirschbaum et al., 1993).
More specifically, participants performed a speech in the presence of judges (i.e., trained
research personnel) for the duration of three minutes; this task has been successfully used in past
research to induce stress (Kirschbaum et al., 1993). For the current study, participants completed
a three-minute speech in front of two trained research assistants during Visit 2. Each participant
was randomly assigned to one of two topics: 1) talking themselves out of a criminal charge or 2)
running for class president.
Participants were first given instructions that they would be given three-minute
preparation period in which they could write down an outline of their speech (which they were
told they could not use during the speech). Then, they stood on a podium in front of the two
judges and completed the three-minute speech while being video recorded. During this time,
participants also saw a monitor presenting the CS with which they were trained appearing behind
the judges. This task has been reliably used to induce stress in human subjects (Kirschbaum et
al., 1993). During the time in which participants gave a speech, the CS appeared for 30 seconds
and it appeared for 30 seconds three times during the three-minute period.
Behavioral Coding of TSST. As a primary index of anxiety, each participant’s behavior
during this time was evaluated and coded by a team of trained researchers using a coding system
developed in the lab based on previous research in human and animal work, particularly focusing
on signs of high arousal and avoidance (Kruk, Halasz, Meelis, & Haller, 2004; Price, Tone, &
Anderson, 2011). The researchers for this study were trained prior to coding videos and showed
high inter-rater reliability (Cohen’s Kappa ³ .7).
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These behaviors have been directly mapped onto anxiety-related behaviors that are also
shown in animals (e.g., freezing; Nahmoud et al., 2021), and used the coding scheme that has
been created and used in previous studies (e.g., Denefrio, 2019). The coders identified nonverbal behaviors including looking away and toward the judges, self-soothing behaviors (e.g.,
holding themselves), fidgeting, signaling hand gestures, blushing, hand trembling, and facial
expressions indicating stress. In addition, verbal indications of stress were also counted,
including stuttering and quivering, long pauses, saying “um” or “ah”, and laughter. Among these
behaviors, if none of the participants showed the behavior, then those behaviors were excluded
from analysis (i.e., looking away, looking towards, blushing, and hand trembling).
The coders counted the frequency of each behavior during each 30-second epoch. During
the three-minute TSST, the CS with which participants were trained appeared and disappeared
for every 30 seconds. This design created three “CS-ON” and three “CS-OFF” periods. Prior to
the analysis the codes, any behaviors that were displayed by fewer than 15% of participants were
excluded from analyses. The sum of behaviors for each behavior for the three CS-ON and CSOFF periods were created. First, sums of each behavior, separately for CS-ON and CS-OFF were
calculated (e.g., for non-verbal fidgeting, sum of CS-ON was calculated by adding up the
fidgeting count for Epoch 2, Epoch 4, and Epoch 6. The sum of CS-OFF was calculated by
adding up the count for Epoch 1, Epoch 3, and Epoch 5). Then, the total behaviors were summed
up for each epoch to create sum scores separately for Epoch 1 to Epoch 6 (e.g., For Epoch 1 sum
behaviors, counts for all behaviors during Epoch 1 were added to create a single sum behavior
score for Epoch 1). Then, the total behavior scores for CS-ON and CS-OFF were separately
calculated by adding up the sum behaviors for the epochs (e.g., for CS-OFF, sum behaviors of
Epochs 1, 3, and 5 were added, and CS-ON sum behaviors of Epoch 2, 4, and 6 were added).
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To examine the relative frequency of each behavior, ratio scores for each behavior were
generated for CS-ON and CS-OFF periods by taking the sum of each behavior for the CS-ON or
CS-OFF period divided by the total count for each behavior during the CS-ON or CS-OFF
period (e.g., for non-verbal fidget ratio score for CS-OFF period, nonverbal fidget CS-OFF was
divided by total behaviors for CS-OFF period). Lastly, in order to create total ratio scores for
non-verbal behaviors during CS-ON separately from CS-OFF, the ratio scores for each behavior
were summed (e.g., for non-verbal total ratio for CS-OFF, all non-verbal ratio scores for CS-OFF
were added).
In addition, we created aggregate scores for vigilant behavior to account for specific
anxiety subtype based on previous literature that show a link between vigilant behavior as signs
of arousal in a stress-related context (Kruk et al., 2004; Weinberger et al., 1979). We calculated
vigilant behavior by adding fidgeting, hand gestures, facial expressions, laughter, and stutter and
quiver for CS-ON separately from CS-OFF periods. Along with coded anxiety-related behavior,
each participant’s anxiety levels for pre- and post-task were measured using STAI-State.
SCR and EEG processing.
Quantification of SCR for Fear/Safety Testing. SCR during the testing phase was
calculated by subtracting the mean skin conductance level (SCL) of the 2 s period immediately
prior to the CS onset from the highest SCL recorded during the 8 s CS duration. This was to
ensure that the response was uniquely associated with the stimuli (Milad, Orr, Pitman, & Rauch,
2005). Because SCR amplitude and magnitude are often positively skewed and leptokurtotic
(e.g., Boucsein et al., 2012), changes in SCL were logarithmic transformed prior to data analysis.
Specifically, since the logarithm of zero response is not defined and some of the difference
scores in safety learning conditions for our dataset contained values between zero and negative
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three, the log of (SCR + 5.0) was used to calculate the scores. Finally, the average scores of these
difference scores were generated in order to assess participants’ learned response during the
testing phase. In order to bridge the gap in human and rodent studies, an average of the first three
trials and separately for all five trials of testing was created for separate comparisons. Following
this approach, SCRs were generated for both fear and safety learning participants.
In addition to the aforementioned method of generating difference scores to accurately
capture changes in SCR related to safety learning, the current study created several exploratory
measures of learned safety due to a lack of established methods in the literature. Specifically, we
used the change of mean SCL during the inter-trial interval (ITI; i.e., this is the period in which
shocks could arrive in safety learning) to capture participants’ learning during ITI. We created
this score by subtracting the mean SCL during the first 2 s of ITI from the mean SCL between 2
s to 16 s of ITI. Similar to fear learning, this difference score was log-transformed (after adding a
constant of 5) and averaged for the first three and five trials.
For safety learning, we also compared the change of mean SCL during ITI to the change
of mean SCL during CS presentation (i.e., the safety period where shocks do not arrive).
Specifically, we created a difference score of the mean SCL during the CS presentation and the
mean SCL 2 s before the onset of the CS (scores were also log-transformed and averaged). This
score allowed a comparison between the CS and the ITI period among all safety learning
participants.
Finally, we also generated a baseline to peak SCR during the ITI for a comparison
between the CS and ITI periods. The mean SCL during the first 2 s of the ITI was subtracted
from the max SCL between 2 s to 16 s of the ITIs. Once again, the difference scores were logtransformed and averaged for the first three trials and six trials.
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Quantification of SCR for Fear Generalization Testing. We adopted the traditionally
used approach (e.g. Milad et al., 2005) to quantify SCR as in the case of quantifying SCR for
fear and safety learning. Using Acknowledge software, SCR during the testing phase was
calculated by subtracting the mean skin conductance level (SCL) during the 2 s immediately
prior to the CS onset from the highest SCL recorded during the 8 s CS presentation period.
Following this approach, SCRs were generated for CS+, CS-, and all 3 types of GS stimuli (GS1,
GS2, and GS3). Then, the log-transformed difference scores were averaged across trials. For
CS+ and CS-, we averaged both the first three trials and six trials (since there were six
presentations of CS+ and also of CS-). For GS stimuli, we averaged the first three, six, and 12
trials of difference scores to assess the change in generalization learning in the testing phase.
Quantification of SCR for TSST. As an exploratory physiological measure of stress
during TSST, we employed nonspecific (NS) SCR. Acknowledge software automatically
identifies and counts peaks that indicate increase in autonomic arousal during the 3-minute
speech period, and the peaks were visually inspected to ensure accuracy (Montero-Lopez et al.,
2016). Due to the nature of the recording that did not allow distinction across CS-ON and CSOFF periods, an overall count for the period was used to assess general level of arousal during
the task.
Quantification of EEG. Brain Vision Analyzer (Version 2.2, GmbH, Munich, DE) was
used to prepare the EEG data. All data were re-referenced offline to an average reference (for the
ERP data) and mastoid reference (for the LPP data) and filtered with a low cutoff frequency of .1
Hz and a high cut-off frequency of 30 Hz. Stimulus-locked EEG to stimuli were segmented into
epochs from 200 ms before stimulus presentation to 500 ms after stimulus onset, with a 200 ms
baseline correction (i.e., -200 to 0 ms prior to face onset). Ocular correction was made to identify
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and correct eye movements such as blinks (Gratton, Coles, & Donchin, 1983). Artifacts were
identified using the following criteria and removed from analyses: data with voltage steps greater
than 50 µV, changes within a given segment greater than 300 µV, and activity lower than .5 µV
per 100 milliseconds. In addition to this semi-automatic identification of artifacts, trials were
also visually inspected to detect artifacts further, which were removed on a trial-by-trial basis.4
In order to capture the time-locked neural events in response to each stimulus, EEGderived ERPs were generated following the previously published studies examining fear
discrimination, particularly those arising in response to visually salient stimulus (e.g., N170;
Denefrio et al., 2019). Using the guidelines, ERPs were generated using the artifact-free EEG
trials for each individual. As our target ERP components, N170 and LPP were generated. N170
was calculated as the average amplitude between 195-234 ms at P7, P8, P9, and P10 and LPP
was calculated as the average amplitude between 300-3000 ms at Pz, CPz, Cz, CP1, and CP2.
Since the LPP is a sustained ERP, that lasts from about 200 ms from the onset of the stimulus
throughout the presentation, it allowed examination of both relatively early attentional control
processes (Hajcak et al., 2009; Hajcak et al., 2013; Mocaiber et al., 2010) and later elaborative
processes (DeCicco, Solomon, & Dennis, 2012; Hajcak & Nieuwenhuis, 2006). Based on
previous research to explore potential distinctions in OGF-related neural processes, we
segmented our LPP data, as LPP is recorded for the 8 s stimulus presentation, to divide the time
window to three parts: Early Window (300-800 ms), Middle Window (800-2000ms), and Late
Window (2000-3000ms).

4

Average trial counts out of a total possible 6 (CS+ and CS-) and 12 (GS1, GS2, and GS3) trials for each condition
for each LPP and ERPs are as follows: For LPP, CS+ (M = 5.48; SD = 1.03); CS- (M = 5.73; SD = 0.74); GS1 (M =
11.03; SD = 1.95); GS2 (M = 11.08; SD = 1.76); GS3 (M = 11.34; SD = 1.31). For ERP, CS+ (M = 5.62; SD = 0.80);
CS- (M = 5.83; SD = 0.63); GS1 (M = 11.28; SD = 1.75); GS2 (M = 11.39; SD = 1.39); GS3 (M = 11.48; SD = 1.14).
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Both ERP components were quantified on all stimulus types for Fear Generalization
testing (CS+, CS-, GS1, GS2, and GS3). In addition, we combined threat-related (CS+ and GS1
trials) and non-threat-related (CS- and GS3 trials) respectively for N170 and LPP windows in
order to boost the number of trials as some literature suggest a minimum of 6-8 trials to generate
reliable ERP and LPP components (Clayson, Baldwin, & Larson, 2013; Moran, Jendrusina, &
Moser, 2013). Because the primary goal of the current study was to examine the effects of
learning on OGF using existing learning paradigms with a specific number of trials to maintain
learning effects, we used six trials for each stimulus. These pooled trial averages were used to
partially address the low-trial count issue, by creating threat-related (combined CS+ and GS1
trials) versus non-threat-related (combined CS- and GS3 trials) stimulus groups.
Procedure.
Visit 1. Participants were in the laboratory for approximately two hours. After consent,
participants completed DASS-21 to ensure that their level of anxiety on the day of the visit met
inclusion criteria. Participants then completed the remaining self-report questionnaires and
provided demographic information. Next, participants were seated in an EEG recording booth
approximately 65 cm from a 17 inch monitor. After being adjusted to the seat, EEG electrodes
were applied. Participants first completed the first threat bias assessment while EEG was
continuously recorded, followed by a brief mood assessment (AMS). Following the first set of
tasks, the SCR equipment was prepared along with the shock device. Participants completed the
fear/safety learning protocol, followed by another mood assessment (AMS). Finally, participants
were scheduled for a second visit on the following day.
Visit 2. Participants returned to the lab, and this portion lasted approximately five hours
including a two-hour break in between tasks. Upon arrival, participants completed an anxiety and
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mood assessment (STAI and AMS), and the SCR equipment was set up for the fear/safety
assessment. Next, participants completed the TSST with anxiety (stress reactivity) measured
using SCR and behavioral coding. After the TSST, participants completed another anxiety and
mood measure (STAI and AMS) to assess pre-post-TSST anxiety. Then, participants completed
the Fear Generalization learning task, followed by a brief mood measure (AMS). Next,
participants were asked to take a two-hour break outside of the lab to allow for memory
consolidation. After their return to the lab, participants completed another AMS, and both EEG
and SCR equipment were set up. Participants then completed Fear Generalization testing in
which they saw CS+ and CS-, along with a series of GS that they had to rate each for associated
risk with shock. After the task, participants completed another AMS, followed by another threat
bias assessment. Participants were fully debriefed at the end of their visit and asked if they were
able to detect associations between the shapes they saw for fear/safety learning and fear
generalization learning and shocks. Their responses were recorded.
Results
Descriptive Statistics
Statistical analyses were conducted using SPSS (Version 26). Age, gender, and
race/ethnicity by learning condition are presented in Table 1. Baseline and post learning
measures of anxiety and stress reactivity are presented by learning condition in Table 2. There
were no significant differences across learning conditions for baseline measures of anxiety and
demographics (ps > .13).
Measures of anxiety severity and related symptoms (i.e., anxiety sensitivity) for the
overall sample are presented in Table 3. As shown in the table, the sample exhibited a wide
spectrum of anxiety from low to high anxiety severity, with median values that fell roughly sub-
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clinical range of anxiety.5 In addition, all anxiety and anxiety-related measures were highly
intercorrelated (ranging from .45-.77, all ps < .01).
Means and standard deviations for Risk Ratings, SCR, and ERPs by stimulus types and
learning conditions are presented in Table 4.
TSST Manipulation Check
To confirm that the TSST significantly increased state anxiety (measured via the STAI-S)
in participants, we used a paired-samples t-test. Overall, participants reported significantly higher
levels of state-level anxiety after the TSST (M = 47.91, SD = 12.49) versus before the TSST (M
= 35.54, SD = 9.58), t(56) = -9.29, p < .001.
Pre-learning Correlations for Anxiety-related Measures
Subjective anxiety and anxiety-related symptoms were assessed at baseline prior to safety
or fear learning. We conducted bivariate correlations among self-reported measures of anxiety
and depression. DASS subscales (anxiety, depression, and stress) were significantly positively
inter-correlated (ranging .47 - .75, all ps < .001), as were other measures of anxiety and
depression (rs > .45).
Effects of Learning Conditions on Physiological and Behavioral Indices of Arousal During
the CS-ON versus CS-OFF Period
In-Context Retrievals
We hypothesized that if learning was successfully obtained, fear learning will result in
higher anxiety-related arousal indicated by higher levels of SCR during the CS-ON versus CS-

5

As indicated by Table 3, the range of anxiety and anxiety-related symptoms for this sample was wide across all
measures. Thus, we conducted all analyses for all aims with and without BAI as covariate. However, BAI as a
covariate did not make any differences for any analyses (except for Aim 2 which is reported below) so we report
analyses without BAI as a covariate.
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OFF period, whereas safety learning will result in higher arousal during the CS-OFF compared
to the CS-ON period (See Figure 7 for an example SCR data).
First, in order to examine if there were differences by learning conditions for the stimulus
periods in the same context that the participants were trained for safety or fear learning, we used
the first three trials of SCR Max-Mean Change for ON and OFF during testing phase.6 A 4
(Learning Conditions) x 2 (Stimulus Periods) mixed factorial ANOVA was conducted on SCR.
The results revealed that there was no main effect of stimulus period [F(1, 53) = .18 p = .67], but
a trend level main effect on learning condition [F(1, 53) = 2.50, p = .07]. There was no
significant interaction [F(1, 53) = 1.77, p = .17; Figure 8].
Recall of the Learned Cue in a Novel Anxiogenic Environment
Next, we examined if there were differences by learning conditions in behavioral indices
of anxiety (non-verbal behavior and vigilance behavior) for the stimulus periods during TSST in
a novel, anxiogenic environment. We predicted that fear learning will result in higher anxietyrelated behavior during the CS-ON versus CS-OFF period, whereas safety learning will result in
higher anxiety-related behavior during the CS-OFF compared to the CS-ON period. We
conducted two 4 (Learning Conditions) x 2 (Stimulus Period) mixed factorial ANOVAs with the
total scores for non-verbal and vigilance behavior.

6

Based on the method of our animal parallel study (Nahmoud et al., 2021), we examined the mean SCR for the first
three trials out of the total of five trials and also the mean of all five trials separately when running analyses. This
was done to avoid extinction effects that may influence the testing results. However, no significantly different
patterns in the results emerged, nor the means were different for each stimulus type when the means of three trials.
versus five trials were compared (ps > .05). The same comparison was performed for fear generalization testing for
three versus six trials, no significant differences in the means were found (ps > .05) except for CS- for three and six
trials (p = .018).
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For the non-verbal behavior total scores, there was no main effect of learning condition
[F(1, 53) = .39, p = .76] or interaction [F(1, 53) = .12, p = .95], but a trend level effect of
stimulus period, [F (1, 53) = 3.24, p = .078; Figure 9].
For vigilance ratio score, there was a significant main effect of stimulus period, such that
there was more vigilance behavior during CS-ON (M = .66, SD = .018) compared to CS-OFF
period [M = .63, SD = .016; F(1, 53) = 5.28, p = .026]. There was no main effect on learning
condition [F(1, 53) = 1.42, p = .25] and no interaction [F(1, 53) = .081, p = .97; Figure 9].
Further, for our hypothesis that higher anxiety-related physiological arousal will be
shown in the Fear Learning versus Safety Learning conditions during TSST, we conducted a
one-way ANOVA across learning conditions with nonspecific SCR frequency. No comparison
reached significance except for a pair-wise comparison for a marginal difference between Fear
Learning and Safety Learning 3 in the expected direction (p = .067; Figure 10).
Summary
We examined in-context retrieval of learning using SCR during testing period of acquired
fear or safe learning, and a recall test of learned cues in an anxiogenic, novel environment using
behavioral indices of anxiety along with an exploration of overall nonspecific SCR during the
test. For the in-context retrieval of learning, there were no statistical differences in the CS-ON
versus CS-OFF periods in the SCR, except for a trend level main effect of learning conditions.
For anxiety-related behaviors, there was more vigilance behavior during CS-ON
compared to CS-OFF period in general. Lastly, Safety Learning 3 condition had a marginally
lower nonspecific SCR compared to fear learning. No other comparisons reached significance.
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Aim 1: Effects of Safety Learning on Anxiety-related OGF Measured During the Fear
Generalization Task
First, we tested the hypothesis that safety learning, when successfully attained, will
reduce OGF compared to fear learning, measured via behavioral, physiological, and neural
indices during the fear generalization task: 1) behavior (risk ratings of shock expectancy to
stimulus), 2) SCR, and 3) ERPs (N170 and LPPs).
As our behavioral measure, we examined risk ratings of shock expectancy predicting that
those in Safety Learning would show better discrimination, thus showing higher response to CS+
compared to GS and CS-. We further utilized SCR as a peripheral physiology measure of
anxiety-related arousal, to assess the differences in OGF by learning conditions. We selected
SCR Max-Mean change score for the first three trials as the dependent measure. Using SCR, we
predicted that those in the Safety Learning condition would show better discrimination CS+
compared to GS and CS-, thus showing higher SCR to CS+ compared to GS and CS-, whereas
those in the Fear Learning condition would not show such sharp difference.
Lastly, for our neural measures, we focused on the effects of learning on following: 1)
N170 and 2) LPP (Middle Window).7 We predicted that those in the Safety Learning condition
would show better discrimination CS+ compared to GS and CS-, thus showing higher SCR to
CS+ compared to GS and CS-, and those in the Fear Learning condition would not show such
sharp difference.

7

For the LPPs, we used three different temporal windows, 1) Early (300-800 ms), 2) Middle (800-2000 ms), and 3)
Late (2000-3000 ms) to capture potential differences in the patterns of LPP due the extended duration of stimulus
presentation. No significant patterns emerged in the early and late windows when examined with ANOVAs using
four conditions, so we only used the middle window for further analyses. Please see supplementary materials for
those results.
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In sum, we anticipated that there would be main effects of learning conditions such that
participants in the Safety Learning condition would show better discrimination compared to
those in the Fear Learning condition.8 Results are presented below, separated by type of
measures.
Risk Ratings of Shock Expectancy to Each Stimulus
We used a 4 (Learning Conditions) x 5 (Stimulus Type) mixed factorial ANOVA to
assess differences in the Risk Ratings. The results showed that there was a significant main effect
of stimulus type [F(1, 53) = 90.18, p < .001], in that participants were able to distinguish all
stimuli from one another by exhibiting higher ratings of shock expectancy as the stimulus
became more similar to CS+, with CS+ being the most highly rated to be associated the risk of
shock (ps < .05), with the exception of GS3 from CS- (p = .71; Figure 3). There was no main
effect on learning condition [F(1, 53) = .69, p = .56] and no interaction [F(1, 53) = 1.00, p = .40;
Figure 11].
Skin Conductance Response (SCR)
We further utilized SCR, our peripheral physiology measure of anxiety-related arousal, to
assess the differences in OGF by learning conditions. We selected SCR Max-Mean change score
for the first three trials as the dependent measure chosen for the same reason as stated above. A 4
(Learning Conditions) x 5 (Stimulus Type) mixed factorial ANOVA was conducted and the
results indicated that there was no main effect of stimulus type [F(1, 53) = 1.08, p = .37],
learning condition [F(1, 53) = 2.16, p = .11], or interaction [F(1, 53) = .46, p = .45; Figure 12].

8

In addition to 2 (Learning Condition: Fear Learning vs. Safety Learning 1) x 2 (Stimulus Type: CS+ vs. CS-, GS1,
or GS2) ANOVAs, we ran a 4 (Learning Condition: Fear Learning vs. Safety Learning 1,2,3) x 5 (Stimulus Type:
CS+, GS1, GS2, GS3, CS-) and a 2 (Learning Condition: Fear Learning vs. Safety Learning 1) x 5 (Stimulus Type:
CS+, GS1, GS2, GS3, CS-) ANOVAs as well for our exploratory analyses examining the effect of saliency in the
safety cues.

SAFETY LEARNING AND OGF IN TRANSLATIONAL RESEARCH

48

Neural Indices of Anxiety-related OGF
N170. Next, we examined the effects of learning conditions and stimulus types on our
neural indices of anxiety-related OGF, N170. We ran a 2 (Learning Condition) x 2 (Stimulus
Type) mixed factorial ANOVA. For N170, there was no main effect of learning condition [F(1,
53) = 50.81, p = .84] and no interaction [F(1, 53) = .88, p = .57] but of stimulus type at a trend
level [F(1, 53) = 2.41, p = .051; Figure 13, see Figure 14 for the waveforms].9
LPP middle window. In addition, we ran a 2 (Learning Condition) x 2 (Stimulus Type)
mixed factorial ANOVA for the LPP middle window. The results showed that there was no main
effect of stimulus type [F(1, 53) = .47, p = .76] or learning condition [F(1, 53) = .58, p = .63] but
a trend-level interaction [F(1, 53) = 1.63, p = .086; Figure 15, see Figure 16 for the
waveforms].10
Hypothesis 1 Summary.
We hypothesized that safety learning would reduce OGF (better discrimination across the
stimulus types) compared to fear learning, measured via behavioral, physiological, and neural
indices during the fear generalization task. The findings did not support our hypothesis in that
there were no differences across learning conditions.

9

For N170, when the marginal main effect of stimulus type was examined, participants showed more negative N170
for CS+ than GS1 (p = .011) and compared to GS3 (p = .041). In addition, CS- showed more negative N170
compared to GS3 (p = .037).
10
For LPP Middle Window, when this trend-level interaction was probe further using pair-wise comparisons, the
results showed that there were significant differences for GS2, in that the Safety Learning 2 condition showed lower
LPP compared to the Safety Learning 1 (p = .041) and Safety Learning 3 conditions (p = .047). In addition, for GS3,
the Safety Learning 2 condition showed higher LPP compared to the Safety Learning 1 condition (p = .046).
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Aim 2: Anxiety-related Individual Differences Moderating the Relationship between
Learning Conditions and OGF
In order to test a moderating effect of anxiety-related individual differences at baseline
measured by anxiety sensitivity index and learning conditions on overgeneralized fear (fear
discrimination scores calculated between CS+ and GS1, and CS+ and CS- for risk expectancy
ratings, SCR, N170, and LPP Middle Window), we conducted eight hierarchical linear
regressions via the SPSS PROCESS (Version 3.5; Hayes, 2017).
The hypothesis was that safety learning would reduce OGF evidenced by high fear
discrimination scores computed using the differences between CS+ and CS- and separately, with
CS+ and GS1, but that this association would be moderated by anxiety sensitivity measured at
baseline. More specifically, we hypothesized that this association would be strongest in
individuals who have high anxiety sensitivity. Step 1 was the learning conditions (Fear Learning,
Safety Learning 1, Safety Learning 2, and Safety Learning 3); Step 2 was the moderator (ASI at
baseline); and Step 3 was the interaction between the two.11 To account for multiple
comparisons, the Benjamini-Hochberg procedure was applied. All p-values reported below are
raw and were significant using a false discovery rate of 0.10. Means of continuous variables
were centered in order to reduce potential multicollinearity.
For the moderating effect of anxiety sensitivity at baseline for the learning conditions
predicting fear discrimination between CS+ and CS-, the model was significant, [F(8, 48) = 2.77,
p = .013, R2 = .32]. The learning condition significantly predicted OGF (calculated using fear
discrimination score between CS+ and CS-), such that those in the Safety Learning 1 condition

11

For all analyses, pre-fear/safety learning baseline anxiety (BAI) was entered into the model as a covariate to
prevent the effects cancelling each other out due to the opposite patterns observed in fear and safety learning, as
mentioned above.
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showed higher OGF overall [b = -.35, t(48) = -1.94, p = .05]. Importantly, there was a significant
interaction [R2change = .12, p = .05], such that Safety Learning 1 condition [b = -.89, t(48) = -2.84,
p = .0065] and Safety Learning 3 condition [b = -.59, t(48) = -2.11, p = .040] were associated
with high OGF for those with high baseline anxiety sensitivity (Figure 17).
Similarly, for anxiety sensitivity at baseline for the learning conditions predicting fear
discrimination between CS+ and GS1, the model was marginally significant, [F(8, 48) = 1.92, p
= .078, R2 = .24]. In addition, there was a significant interaction [R2change = .16, p = .026], such
that Safety learning 1 [b = -.67, t(48) = -2.96, p = .0048], Safety Learning 2 [b = -.46, t(48) = 2.10, p = .040], and Safety Learning 3 [b = -.54, t(48) = -2.68, p = .010] conditions were
associated with high OGF for those with high baseline anxiety sensitivity (Figure 18).
No other regression analyses reached significance (model ps > .10).
Hypothesis 2 Summary.
We examined the moderating role of anxiety sensitivity on the relationship between
safety learning and OGF. Partly consistent with our hypothesis, results indicated that those with
higher anxiety sensitivity at baseline showed reduced ability to discriminate between CS+ and
CS- and also CS+ and GS1, indicating higher OGF, but only if they were in the Safety Learning
conditions.
Aim 3: Mediating role of OGF on Learning Conditions on Anxiety-Related Outcomes
Using SPSS PROCESS (Version 3.5; Hayes, 2017), we ran eight simple mediation
analyses to assess the effects of learning conditions on anxiety-related outcomes (AMS Anxiety
Post-Fear Generalization change scores and AMS Anxiety Pre-Threat Bias Assessment), and the
mediating role of OGF (fear discrimination scores of CS+ and CS- for risk rating, SCR, N170,
and LPP Middle Window). The hypothesis was that safety learning would reduce three measures
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of anxiety-related outcomes, but that this association would be mediated by reductions in OGF.
None of the mediation analyses reached significance (model ps > .10).
Hypothesis 3 Summary.
The hypothesis was that safety learning would reduce anxiety but that this association
would be mediated by reductions in OGF. Contrary to predictions, the results revealed that there
were no mediating effects of OGF, specifically that reduction of OGF would be mediating the
relationship of safety learning and reduction of anxiety-related outcomes such as changes in
subjective anxiety.
Discussion
The goal of the current study was to clarify the links between safety learning, anxiety,
and anxiety-related OGF, measured as threat-safety discrimination. Using a single-cued learning
paradigm in a sample of low to moderately anxious adults, we tested the hypothesis that safety
learning, compared to fear learning, would enhance the ability to distinguish threat from other
non-threat related stimuli (i.e., reduction of OGF). Counter to predictions, we found that safety
learning, compared to fear learning, did not reduce OGF. However, we detected individual
differences such that safety learning, compared to fear learning, was associated with increased
OGF for those with high levels of anxiety sensitivity at baseline. Results have potential
implications for single-cued safety learning for developing human research, in combination with
anxiety-related individual differences, in reducing anxiety-related OGF and fostering potential
development of novel treatment approaches targeting these disruptions.
Anxiety and Safety Learning
We predicted that safety learning, compared to fear learning, would reduce learned and
innate fear, as well as anxiety-related OGF. Specifically, we tested the hypothesis that with
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successful attainment of learning, safety learning will increase anxiety-related response to CSOFF period versus CS-ON, and the opposite pattern would arise in fear learning when observed
using SCR and behavior. While the results in the in-context retrieval did not support our
prediction, they were similar to the results that were shown in the rodent parallel study
(Nahmoud et al., 2021). Specifically, the animals that underwent the Safety Learning condition
with co-terminating saliency cue with the CS (i.e., Safety Learning 2 condition) showed higher
defensive freezing response during CS-ON period compared to CS-OFF period, similar to the
expected results of Fear Learning (Nahmoud et al., 2021). This may potentially indicate higher
uncertainty of aversive cue delivery resulting in higher anxiety and stress-related physiological
arousal response in the Safety Learning 2 condition, and further denotes an important role of cue
saliency in safety learning.
Specifically, the saliency cue, depending on the timing of its delivery, may actually
induce more anxiety stemming from uncertainty around the aversive events. A potential
explanation for this is because the saliency cue in the Safety Learning 2 condition highlights
termination of the safety period. While the saliency cue may have served its purpose of
enhancing participants’ attention to the cue, it may have actually increased the saliency of the
ending of the safety period for this learning condition, potentially increasing participants’ anxiety
about the impending, but unknown timing of threat. This is in line with the theories of
intolerance of uncertainty, which represents an underlying fear of the unknown (Carleton, 2012).
Intolerance of uncertainty has been associated with development and exacerbation of
anxiety (e.g., Carleton, 2012), which may explain the trend of results we observed in the current
study. The Safety Learning 2 condition showed a similar pattern of defensive response during the
CS-ON and CS-OFF periods as the Fear Learning condition in that participants in this condition

SAFETY LEARNING AND OGF IN TRANSLATIONAL RESEARCH

53

showed higher anxiety-related response to the safety cue unlike other safety learning conditions.
While safety learning reduces fear response in general (e.g., reduction of anxiety- and
depressive-like behaviors; Pollak et al., 2008), it specifically downregulates cue-driven fear
responses (i.e., the safety cue indicates safety period, thus a presentation of the cue drives
reduction or inhibition of fear response; Cho et al., 2021; Kong et al., 2014; Odriozola & Gee,
2020). However, in this study, the safety cue may have not served its intended role in the Safety
Learning 2 condition as the focus of attention would be at the end of safety period, or conversely,
the beginning of the uncontrollable and uncertain delivery of threat.
Another potential issue to be discussed about safety learning in the current study is its
methodology, particularly around the aversive US delivery. Safety learning is an associative
learning process, in that a neutral stimulus develops the ability to inhibit response to aversive
unconditioned stimulus (see Pollak, Monje, et al., 2010 for a review). As mentioned previously,
safety learning (i.e., explicit unpairing of CS-US) has been understudied, particularly in human
research, which makes it challenging to examine and compare the methodological issues
associated with the existing safety learning paradigms. In some studies, the format of the CS and
US presentations are in clusters, not necessarily governed by specific numbers of CS or US
presented on a given trial (e.g., a stacked presentation of CSs separated by a series of USs;
Christianson et al., 2012; see Pollak, Monje, et al., 2010 for a review). In some other studies, the
CS and US are explicitly unpaired but one CS is always accompanied by a US at a random intertrial interval (i.e., the CS never co-terminates or is followed by the US, but the US delivery is
always in between two CSs at a random inter-trial interval; Rogan et al., 2005). While both
methods of safety learning have shown good predictive validity (e.g., Pollak, Monje, et al.,
2010), it is difficult to compare their strength in the training outcome without a direct
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experimental comparison of these paradigms after training. However, the findings of the current
study with the Safety Learning 2 condition indicated that reducing unpredictability maybe the
key component in training of safety learning, and further suggest that the former holds better
odds in having a better safety learning outcome. Future studies should explore these
experimental variety of safety learning paradigms.
The results of this study further highlight the importance of translational research in that
they presented similar patterns as a rodent parallel study. We examined overall nonspecific SCR
to test anxiety-related arousal in the new, anxiogenic environment across the learning conditions
during TSST. Although the comparisons were either null or marginal (i.e., with Fear versus
Safety Learning 3), the results suggest that the trends were in the expected direction and also in
the similar direction as the animal data (i.e., Nahmoud et al., 2021), indicating potential
translational reproducibility. This further indicates that perhaps with a larger sample we may see
some statistical differences to emerge across the learning conditions.
In addition, the sample size and characteristic of the current sample may have also
influenced the marginal and null results in observing the role of safety learning on anxietyrelated OGF. In order to test our hypothesis that safety learning, compared to fear learning, will
reduce OGF by showing better discrimination, we compared the learning groups on their
response to each stimulus using behavioral, physiological, and neural indices. Overall, the results
failed to support the hypothesis that safety learning would reduce anxiety-related
overgeneralized fear, although this effect was evident in the rodent parallel study with highly
anxious strain of mice (i.e., Nahmoud et al., 2021). Given that the results at large were in the
same direction, this may further speak to the methodological limitations in sample size and
characteristic (e.g., anxiety severity), in that we anticipate observing significant result with
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greater anxiety severity in the sample and future studies should focus on addressing these
limitations.
The moderating effects of anxiety-related individual differences
We predicted that anxiety-related individual differences would moderate the relations
between learning conditions and anxiety-related OGF. Specifically, as high anxiety sensitivity
may exacerbate generalization of threat, we anticipated high baseline anxiety sensitivity may
impact the learning outcome in fear discrimination.
The results revealed that anxiety sensitivity moderated the relations between learning and
OGF, in line with previous studies suggesting an important role that anxiety sensitivity may play
in fear-safety learning and OGF (e.g., Hunt et al., 2019). Specifically, the results showed that
those with higher anxiety sensitivity measured using ASI at baseline showed reduced ability to
discriminate between CS+ and CS- and also with CS+ and GS1, indicating higher OGF, but only
if they were in the Safety Learning condition. In other words, the results suggest that safety
learning may be associated with higher OGF, but this relationship depends on high baseline
anxiety sensitivity. While the results showed significant moderation effects, should be
interpreted with caution. These moderation effects emerged only when the baseline anxiety
severity (measured with BAI) was entered into the model as a covariate. However, while the
significant moderation effect did not persist without this covariate, the patterns were still in
trend.
In light of these results that anxiety sensitivity moderated the relationship between safety
learning and anxiety-related OGF, additional measures of anxiety-related differences could be
used to further explore the relationship between safety learning and anxiety-related OGF. For
example, one of the personality dimensions that can explain anxiety-related OGF is neuroticism,
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which is characterized by exaggerated negative affect rising from the tendency to interpret the
world as a threatening place of which one has limited control (Barlow, 2004; Barlow et al., 2014;
Weinstock & Wisman, 2006). Neuroticism is associated with anxiety severity (e.g., Weinstock &
Wisman, 2006), and this personality trait may be associated with the ability in learning safety
cues which may further be linked to anxiety-related OGF. Thus, based on the current findings,
future studies should employ anxiety-related differences including neuroticism to explain the
relationship between safety learning and OGF.
Limitations
As previously mentioned, a major limitation in the present study was a wide-range of
anxiety severity. Individuals who had mild levels of stress or anxiety using a screening
questionnaire (i.e., DASS-21) were still included in the study to ensure sufficient sample size for
the purpose of the current dissertation. Further, participants evidenced a range of anxiety severity
and were not clinically anxious when their anxiety severity was measured during their visit (e.g.,
using BAI with a clinical cut-off of 16, the scores of the current sample ranged from 2 to 57. See
Table 4 for descriptive statistics for anxiety-related questionnaires). However, the impact of
safety learning, as shown in the rodent parallel study (i.e., Nahmoud et al., 2021), could be seen
exclusively with individuals with elevated anxiety. More specifically, the trend of effects that
were shown in the current study with SCR for in-context retrieval and novel anxiogenic
environment were in the same direction as the rodent parallel (i.e., higher anxiety-related
response in the Safety Learning 2 Condition compared to all other condition). This further urges
a future study with more elevated or clinical anxiety to assess the comparisons using this data.
In line with this, we found a moderation effect of anxiety-related individual differences
on learning conditions and anxiety-related OGF. While this further speaks to the point on how
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anxiety severity may play a significant role in the context of comparing safety and fear learning,
we used BAI as a covariate in the model. As mentioned above, we did so to hold the baseline
anxiety severity constant to observe the phenomenon in the anxiety-related individual differences
as a moderator. However, the significant moderation effects did not persist when BAI was not
entered into the model as a covariate. In addition, OGF (fear discrimination scores) was not
significantly correlated with the covariate or measures of anxiety-related individual differences
(rs < .32). This may indicate that neither learning conditions and the anxiety-related individual
differences as moderator did not predict anxiety-related OGF above and beyond the baseline
anxiety severity, which could be possibly due to high variability in anxiety severity in the
sample. Follow up study should examine if these moderation effects persist with only including
individuals with high anxiety.
In addition, another significant limitation of the study is the number of trials for the ERP
metrics of anxiety-related OGF. The total number of trials for CS+ and CS- is six trials total, and
the GS stimuli classes are 12. This inherently limits the reliable generation of the ERPs due to
low trial counts which affect the average amplitudes, as many studies suggest that there should
be at least eight trials for reliable LPP averages (Moran et al., 2013). This can further prevent us
from further drawing meaningful conclusions with our current results. However, a study
examining another ERP component (i.e., error-related negativity [ERN]) suggests that one may
be able to reliably see averages using six trials (Clayson et al., 2013). In addition, we argue that
our primary goal of the current study was to examine the role of safety learning on OGF, and we
did not want to deviate far from the original Lissek et al. (2014) design of the study that showed
effects with the current design.
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To address this limitation, we ran additional analyses with combined trials of CS+ and
GS1 and CS- and GS3 to optimize the number of trials with keeping the study design thereby
narrowing the generalization gradient, but no significant effects were detected. Future studies can
conduct a psychometric evaluation of the data to measure reliability for six or more trials by
examining each trial separately rather than from average. However, this may also not completely
address the issue of low trial counts. Future studies should employ a more ERP-friendly
assessment with increased number of trials for each stimulus type to generate more reliable ERP
components.
Another methodological factor that may have contributed to the marginal and null results
is the saliency of the safety cue. Our explicit safety cue, that should clearly indicate safety in
theory, may not have been as salient as we anticipated. Previous literature suggests that
information indicating safety is difficult to attain, especially people with elevated anxiety
(Dymond et al., 2015; Jovanovic et al., 2012; Lissek et al., 2005). Further, to add to the earlier
point about anxiety-related learning, both animals and humans are genetically wired to learn
threat-related information, but anxiety fuels exaggerated fear acquisition (e.g., Lissek et al.,
2005). For humans, arbitrary shapes may not work as robustly as in animals as a safety cue even
though they are trained to establish unpaired CS-US relationship using those as CS. Perhaps the
next step to enhance saliency of the safety cue is to use a more evolutionarily potent cue to
humans, such as visual or auditory cues that are idiographic or social (Hornstein & Eisenberger,
2017; Hornstein, Fanselow, & Eisenberger, 2016).
In line with this, safety learning method may need to be improved to enhance learning in
the anxious population, specifically by making the CS-US unpairing even more explicit and
clear. The current study used aversive US delivery at random points of ITI based on previous
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animal studies (e.g., Nahmoud et al., 2021; Pollak, Monje, et al., 2010). However, some studies
show that animals prefer certainty, even when the certainty is about an aversive outcome (e.g.,
animals preferred signaled shocks versus unsignaled shocks; Fanselow, 1980). Specifically in
anxious human sample, who may already exhibit higher intolerance of uncertainty (e.g.,
Carleton, 2012), more clarity in safety period may be necessary.
In addition, the way we quantified SCR data for safety learning may pose potential
limitations as quantifying and interpreting physiological data, specifically SCR, for single-cued
safety learning has not been well established in the field. Unlike fear learning that has been
clearly mapped out in terms of SCR data processing and quantification due to the definite cue
versus ITI periods, it is challenging to map out SCR for safety learning as each trial is variable
(e.g., no shock trial or double shock trial, with shocks being delivered at variable points during
ITI). To best address this issue, we created exploratory measures of safety learning with
consideration of variabilities in ITI and shock deliveries, by employing difference scores of the
baseline to peak SCR during the ITI (between 2 s and 16 s) and the mean SCL during the first
two seconds of the ITI. This particular method does not deviate too far from the logic of
establishing SCR scores for fear learning, and thus we focused on this measure. However, future
studies could consider different methods to improve analyzing SCR data for safety cue learning.
The current study provides a first step to develop a single-cued safety learning paradigm that is
amenable to physiology data, and future studies can optimize the processing and quantification
the data.
Future Directions
The limitations of the current study can guide future directions. First, our study sample
did not exhibit high anxiety severity and we were underpowered, but the results at large were
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trending in the expected direction. Specifically, the comparisons between Fear versus Safety
Learning conditions using SCR for in-context retrieval and recall in the novel environment
showed a trend between safety learning and fear learning show in that the marginal results may
largely be due to our sample size and characteristics. Future study can address this issue by
recruiting an ample size of individuals with higher anxiety severity.
Secondly, in our rodent parallel, the CS was an auditory cue (i.e., 4-kHz, 50 ms pips for
30 seconds) and the saliency cue was a house light (1 s; Nahmoud et al., 2021). To rodents, light
is so closely tied to their survival (e.g., being seen by a predator in broad daylight), house light
may have been evolutionarily salient, thus enhance the learning effect. However, our saliency
cue in the human parallel, which was a soft auditory cue that lasts for 500 ms, may have not
induced the same effect. This may speak to the idea of what the added saliency to the safety cues
should be, something naturally poses safety such as socially tied cues that are more idiographic
in approach. Recent studies (Hornstein & Eisenberger, 2017; Hornstein, Fanselow, &
Eisenberger, 2016) have shown that social cues are unique safety cues, and this “social
buffering” may facilitate or enhance learning of safety information. Future studies can employ
this method as potential additional cue, such that the CS would be accompanied by more salient
cue such as a photo or voice of a friendly figure, implementing idiographic cues for saliency.
Lastly, in order to address the issue of increased uncertainty in relation to shocks in safety
learning, a method with clarity and certainty of aversive US delivery maybe necessary. As
previously mentioned, safety learning has shown promising results in reduction of anxiety and
anxiety-related OGF in animals (e.g., Nahmoud et al., 2021). However, our understanding is still
limited in safety learning as a systematic training that guides individuals to focus on the
“presence of safety” rather than the “absence of threat.” While studies to date, including the
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current study, have identified some potential ways in which safety periods can be created and
used as a “shelter” from threat (e.g., Rogan et al., 2005), the methodology in safety learning still
needs to be improved for its clinical application in human anxiety. Based on the current findings,
we presented two potential ways to improve the method by 1) increasing the saliency of the
safety cue and 2) increasing the certainty of the aversive events. Future studies can focus on the
development and optimization of the training method.
Implications
The results overall demonstrated that there are some early signals and patterns that may
indicate unique features and implications of safety learning on anxiety and anxiety-related
overgeneralized fear. However, due to the null and marginal findings potentially rising from a
small sample size, we have reservations in suggesting further clinical implications of the study.
Nevertheless, the methods and results of this study provide a direction for future studies and one
of the initial steps for implications of the use of safety learning as a potential intervention
mechanism for clinical anxiety. For example, the results of this current study are in line with the
notion that feature negative association is more difficult to attain compared to feature positive
association (Sainsbury & Jenkins, 1967). Further, this association is even more difficult to
establish in individuals with anxiety who may exhibit impaired ability in learning of safetyrelated information which is crucial for fear inhibition (e.g., Jovanovic et al., 2012). This may
indicate that safety learning paradigms could be improved to optimize the learning process in
anxiety – we increased saliency of the safety cue by adding an additional cue as our first attempt
to achieve this research goal.
Based on the current study and from the existing body of animal literature on safety
learning, we learned that safety learning that may show unique contribution to anxiety reduction
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when successfully attained. In the conceptual and methodological sense, learning relief (i.e., fear
extinction in which cues are associated with the cessation of an aversive event) and learning
safety are distinct (Kong et al, 2014; Mohammadi, Bergado-Acosta, & Fendt, 2014). Animal
studies have shown that safety learning modifies unique behavioral responses associated with
anxiety compared to other fear inhibition paradigms such as fear extinction (Kong et al., 2014).
However, safety learning relies on inhibition of fear by the presence of something that indicates
safety (e.g., as opposed to the cue-driven “excitation” response to the threat cue in fear learning;
Christianson et al., 2012) similar to fear extinction, in that both paradigms target to reduce fear.
Thus, safety learning and fear extinction share some conceptual properties. However, fear
extinction paradigms focus on the removal of fear response to the cue that had been previously
associated with threat, safety learning paradigms establish the relationship between “the
absence” of threat and the CS by explicit unpairing of CS and US (Kong et al., 2014). However,
whereas the presence of the safety cue is the foundation of safety learning, in extinction learning,
the presence of safety cue may prevent successful learning outcome (see Craske et al. 2014 for a
review). More specifically, for those who expect aversive outcomes in the face of their own
anxiety and fear, the actual reduction of such anxiety or fear itself could be a safety cue (Craske
et al., 2014). Further, safety cues may only be able to reduce fear and anxiety while it is present,
but without the cue fear and anxiety may return (Lovibond, Davis, & O’Flaherty, 2000). Thus, in
exposure therapy, safety cues would be gradually removed over the course of the therapy period
or immediately removed to enhance treatment outcome (Craske et al., 2014; Hermans, Craske,
Mineka, & Lovibond, 2006).
These similarities and differences between safety learning and fear extinction may lead to
distinct clinical implications. Both impaired safety learning and fear extinction have been linked
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to anxiety- and stress-related disorders (e.g., post-traumatic stress disorder [PTSD]), specifically
the exaggerated and persistent fear response to potential threat (Craske et al., 2014; Jovanovic et
al., 2012; Kong et al., 2014). Kong et al. (2014) demonstrates that these processes may target
different symptomology of PTSD – a chronic mental illness that follows stressful events (e.g.,
Peri, Ben-Shakhar, Orr, & Shalev, 2000), characterized by hypervigilance and inappropriate fear
response to non-threat (i.e., deficient fear extinction; Foa & Kozak, 1986; Kong et al., 2014).
Impaired safety learning may lead to hypervigilance and exaggerated startle response, such that
training to learn safety-related information can target such impairment (Jovanovic et al., 2012;
Kong et al., 2014). On the other hand, deficient fear extinction maybe associated with intrusive
recollection of traumatic events that may lead to inappropriate fear response to non-threat, and
trained extinction learning may reinforce the CS-no US relationship, converting previous threat
to something benign and safe (Craske et al., 2014; Kong et al., 2014).
In light of this, further investigations would be necessary to examine how the method of
safety learning can be improved or modified for its direct applications to clinical treatment as in
the case of the use of fear extinction for exposure therapy (Craske et al., 2014; Kong et al.,
2014).
Conclusion
Taken together, the present study aimed to address the methodological challenge in safety
learning (e.g., differential learning paradigms that focus on relative safety) using a multi-method
approach combining neurocognitive, behavioral, and physiological assessments with a singlecued safety learning paradigm. Our main hypothesis on reduction of OGF via safety learning was
not supported. However, we found that anxiety-related individual differences such as anxiety
sensitivity moderated the relationship between learning conditions and OGF. The results leave
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some important empirical questions to be answered. Specifically, we learned that future studies
should target individuals with elevated or clinical anxiety to make the comparisons in safety and
fear learning in relation to OGF, as well as methodological improvement of safety learning. In
all, the current project provides one of the first empirical steps to not only study the unique
impact of safety learning on biobehavioral signatures of anxiety-related OGF, but to provide
more translational bridges with the animal literature in accordance with a growing body of
literature emphasizing the importance of aligning cross-species methodologies (Cho et al., 2021;
Haaker et al., 2019; Meyer et al., 2019; Pollak, Rogan, et al., 2010). Methodological innovations
in safety learning can further expand our knowledge of anxiety-related OGF and foster the
development of novel treatment approaches targeting neurocognitive mechanisms of anxiety
using safety learning.
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Table 1. Descriptive Statistics on Age, Gender, and Race/Ethnicity
Fear Learning
(n = 13)
Age
Gender
Male
Female
Race
American
Indian/Alaska
Native
Asian
Black of African
American
White
More than one race
Not reported
Ethnicity
Hispanic/Latino
Non-Hispanic/Latino
Not reported

M (SD)
24.08 (5.48)

Safety
Learning 1
(n = 14)
M (SD)
23.43 (4.97)

Safety
Learning 2
(n = 13)
M (SD)
25.00 (7.98)

Safety
Learning 3
(n = 17)
M (SD)
23.82 (6.13)

5 (38.5%)
8 (61.5%)

6 (42.9%)
8 (57.1%)

6 (46.2%)
7 (53.8%)

7 (41.2%)
10 (58.8%)

0 (0.0%)

0 (0.0%)

0 (0.0%)

1 (5.9%)

2 (15.4%)
1 (7.7%)

6 (42.9%)
1 (7.1%)

4 (30.8%)
1 (7.7%)

5 (29.4%)
1 (5.9%)

3 (23.1%)
7 (53.8%)
0 (0.0%)

4 (28.6%)
3 (21.4%)
0 (0.0%)

5 (38.5%)
2 (15.4%)
1 (7.7%)

6 (35.3%)
2 (11.8%)
2 (11.8%)

7 (53.8%)
4 (30.8%)
2 (15.4%)

4 (28.6%)
10 (71.4%)
0 (0.0%)

4 (30.8%)
9 (69.2%)
0 (0.0%)

8 (47.1%)
7 (41.2%)
2 (11.8%)
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Table 2. Descriptive Statistics on Self-reported Questionnaires and Stress Reactivity

Self-Reported
Questionnaires
BAI
ASI
Stress Reactivity
(STAI pre-post TSST)

Fear
Learning
(n = 13)
M (SD)

Safety Learning 1
(n = 14)

Safety Learning 2
(n = 13)

M (SD)

M (SD)

Safety
Learning 3
(n = 17)
M (SD)

15.00 (8.87)
45.46 (24.84)
12.15 (9.78)

15.86 (12.61)
48.07 (25.53)
13.93 (12.34)

19.38 (15.64)
51.31 (31.99)
11.92 (9.22)

21.12 (13.39)
56.71 (31.48)
11.59 (9.57)

Note. Abbreviations are as follows: BAI (Beck Anxiety Inventory), ASI (Anxiety Sensitivity
Inventory).
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Table 3. Baseline Self-reported Measures of Anxiety and Anxiety-Related Indices
Min - Max

Mean (SD)

Median

BAI

2.00 – 57.00

18.04 (12.81)

15

HAM-A

1.00 – 38.00

11.89 (8.26)

10

25.00 – 71.00

46.32 (11.59)

46

DASS-21 Anxiety

0 – 16.00

5.30 (4.22)

5

DASS-21 Stress

0 – 18.00

7.84 (4.65)

7

10.00 – 117.00

50.79 (28.37)

46

STAI-Trait

ASI

Note. BAI = Beck Anxiety Inventory (clinical cut off £ 16), HAM-A = Hamilton Anxiety Rating
Scale (clinical cut off £ 15), STAI-T = State Trait Anxiety Inventory-Trait (clinical cut off £ 40),
DASS-21 = Depression, Anxiety, and Stress Scale; Anxiety (severe £ 8), and Stress (severe £
13) subscales, and ASI = Anxiety Sensitivity Inventory.
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Table 4. Descriptive Statistics on Risk Assessment, RT, SCR, N170, and LPP windows.
Fear Learning
(n = 13)
M (SD)

Safety Learning
1 (n = 14)
M (SD)

Safety Learning
2 (n = 13)
M (SD)

Safety Learning
3 (n = 17)
M (SD)

Risk Assessment
CS+
.90 (.44)
.70 (.52)
1.00 (.60)
.89 (.64)
GS1
.051 (.12)
.28 (.48)
.49 (.53)
.44 (.56)
GS2
.37 (.30)
.24 (.49)
.32 (.50)
.25 (.35)
GS3
.096 (.11)
.17 (.36)
.26 (.41)
.13 (.24)
CS.077 (.20)
.15 (.33)
.27 (.41)
.078 (.19)
SCR Max-Mean 3 Trials
CS+
.73 (.035)
.71 (.014)
.75 (.072)
.72 (.055)
GS1
.73 (.045)
.71 (.015)
.73 (.042)
.72 (.055)
GS2
.71 (.018)
.70 (.0069)
.72 (.033)
.73 (.044)
GS3
.72 (.059)
.71 (.016)
.74 (.045)
.72 (047)
CS.71 (.026)
.70 (.0084)
.75 (.038)
.73 (.061)
N170
CS+
-4.05 (4.31)
-2.24 (3.84)
-3.65 (3.14)
-3.55 (3.22)
GS1
-1.50 (4.21)
-2.55 (3.087)
-2.04 (4.48)
-2.87 (3.95)
GS2
-2.52 (2.74)
-2.43 (3.65)
-2.69 (3.43)
-3.25 (2.97)
GS3
-2.10 (3.03)
-2.088 (3.08)
-2.62 (3.12)
-2.49 (4.17)
CS-4.20 (3.15)
-1.74 (3.82)
-4.33 (2.70)
-3.28 (3.35)
LPP Early Window
CS+
1.53 (2.42)
1.74 (2.68)
1.21 (2.31)
.83 (3.03)
GS1
1.67 (2.08)
1.099 (2.074)
1.16 (1.93)
1.49 (2.10)
GS2
.90 (3.25)
.37 (2.009)
1.37 (2.40)
1.41 (1.47)
GS3
1.03 (2.71)
.64 (1.49)
2.05 (2.52)
1.11 (1.99)
CS.30 (4.61)
1.87 (2.92)
1.00 (2.89)
1.09 (3.46)
LPP Middle Window
CS+
.39 (3.52)
1.30 (2.81)
.73 (4.42)
.49 (2.93)
GS1
1.78 (3.38)
.024 (2.62)
-.13 (2.61)
1.87 (2.47)
GS2
.45 (2.84)
1.72 (2.12)
-.33 (2.62)
1.54 (1.98)
GS3
.35 (1.53)
-.43 (2.13)
1.49 (3.29)
.37 (2.12)
CS-.17 (4.34)
-.90 (2.93)
1.03 (3.40)
1.39 (3.12)
LPP Late Window
CS+
.54 (3.34)
.40 (3.15)
-.86 (5.83)
-.80 (3.33)
GS1
1.52 (3.07)
.23 (2.02)
-.60 (2.73)
.82 (2.63)
GS2
-.33 (3.03)
1.62 (2.44)
-1.48 (3.43)
.91 (1.68)
GS3
.30 (1.85)
-.89 (3.05)
.23 (4.07)
.24 (1.79)
CS.12 (4.33)
-1.41 (4.55)
.42 (4.67)
1.41 (5.09)
Note. Abbreviations are as follows: RT: response time; SCR: skin conductance response; LPP:
late positive potentials.
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Figure 1. A theoretical model positing the effect of safety learning on anxiety-related OGF.
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Figure 2. Layout of the experimental protocol.
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Figure 3. The differences in CS-US schedule in fear learning vs. safety learning conditions.
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Figure 4. A typical sequence of trial for safety or fear learning task.
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Figure 5. Conditioned and generalization stimuli.
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Figure 6. A typical sequence of trial for fear generalization task.
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Figure 7. The first three trials of SCR Change for ON and OFF during testing phase.
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Figure 8. Three trials of SCR Max-Mean Change for ON and OFF during testing phase.
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Figure 9. Ratio scores of anxiety-related behaviors (Non-verbal and Vigilance).
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Figure 10. Non-specific SCR Frequency across the learning conditions.
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Figure 11. Learning condition and Stimulus type on Risk Ratings.
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Figure 12. Learning condition and Stimulus type on SCR Max-Mean Change Score.

80

SAFETY LEARNING AND OGF IN TRANSLATIONAL RESEARCH

Figure 13. Learning condition and Stimulus type on N170.
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Figure 14. The pooled N170.
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Figure 15. Learning condition and Stimulus type on the LPP.
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Figure 16. The pooled LPP.
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Figure 17. Moderation of anxiety sensitivity at baseline (CS+ and CS-).
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Figure 18. Moderation of anxiety sensitivity at baseline (CS+ and GS1).
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